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ABSTRACT.
The thermal metamorphism of the Mid-Late Silurian 
Coolac Ophiolite Suite by the Early Devonian Bogong Granite 
southeast of Tumut, in southern New South Wales, has led to 
the development of a diverse range of hornfelses.
The dismembered Coolac Ophiolite, which comprises the 
Coolac Serpentinite and Honeysuckle Metabasic Igneous 
Complex, has a hornblende hornfels facies thermal 
metamorphism overprinting a low grade greenschist regional 
metamorphism.
Conditions operative during thermal metamorphism have 
been determined using the diagnostic mineral assemblages 
cordierite + gedrite and diopside + spinel, for 
aluminoferromagnesian and calc-silicate hornfelses 
respectively. These assemblages give temperatures of 590°C 
and 560°C at PT = 1 kbar.
Microprobe data from the various hornfelses show that 
even though the metamorphic event was essentially 
isochemical, re-adjustment of components within individual 
grains occurred, leading to homogenization in phases such as 
cordierite, spinel and olivine, and compositional zoning in 
amphiboles.
The diverse raage in whole rock chemistries in these 
rocks is interpreted as having formed prior to ophiolite 
obduction via sub seafloor hydrothermal alteration. This 
process leached Si, Ca, Na, K, Cu, S, Zn and CC>2 from the
3 0009 02881 7927
rocks to produce the observed chemistries. The evolution of 
a small sulphide body (Goobarragandra Cu mine) is 
interpreted as representing a small Cyprus-type volcanogenic 
exhalative deposit associated with this hydrothermal 
alteration.
The presence of regionally metamorphosed amphibolite, 
quartzite, metasediments and banded calc-silicate rocks are 
interpreted as tectonic inclusions that were emplaced during 
the obduction, and are chemically and texturally unrelated 
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This thesis represents an attempt to delineate the 
conditions operative during the contact metamorphism of the 
Coolac Serpentinite and Honeysuckle Metabasalt by the Early 
Devonian Bogong Granite.
1:1. Location.
Tumut is located 320 kilometres southwest of Sydney and 
35 kilometres south of Gundagai on the southwestern slopes 
of the Great Dividing Range (Figure 1). The study area lies 
approximately 20 kilometres to the southeast of the township 
of Tumut, and extends from Goobarragandra homestead in the 
south to Clearwater and Beaverbrook homesteads in the north, 
an overall distance of 8 kilometres. The study area is 
covered by the Lacmalac 1:25 000 topographic sheet 8527-II-N 
and the Blowering 1:25 000 topographic sheet 8527-II-S.
The aerial photos used were Runs 9 and 10, Tumut 1:25 
000 which were exploded to 1:10 000 to aid in mapping and 
referencing landforms.
Access to the area is very good, with sealed road 
extending from Tumut to Federal Park and a good all weather
Plate 1. View towards to Patten's Ridge from Lameroo.
FIGURE 1. REGIONAL GEOLOGICAL SETTING
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gravel road continuing to Goobarragandra, a distance of 4 
kilometres.
1:2. Climate.
The Tumut region has a cool temperate climate with mild 
to warm summers and cold winters. The mean summer and winter 
temperatures are 21°C and 5°C (January and July) 
respectively.
Mean annual rainfall for Tumut is 798mm, with the 
maximum rainfall of 108mm occurring in July and the minimum 
rainfall of 57mm occurring in February (data from Water 
Resources Commission, Tumut).
Frosts are widespread, and occur for six months of the 
year in areas of higher altitude. Snow is common above 1000m 
during the winter months.
1:3. Vegetation.
A vegetation map has been compiled by the Soil 
Conservation Service for the Tumut Shire by Cowan (1985). 
This map shows two major vegetation communities in the 
region. The first community is undisturbed native 
sclerophyll forest with complete regenerating understory and 
the second is grassland with isolated trees and no
regenerating understory.
The most typical vegetation types encountered along the 
Coolac Serpentinite are Casuarina stricta, Ricinocarpos
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bowmanii and Xanthorrhoea australis (Lyons et al 1974). The 
Young Granodiorite and Bogong Granite support relatively 
dense . eucalypt woodland with a dominance of Eucalypt 
melliodora. The boundaries with the Coolac Serpentinite are 
very sharp, with the woodland giving way to a typically 
grassland type vegetation assemblage with a low number of 
species. There is a diminution in cover from 100% to 40% 
across the geological boundaries, reflecting the inability 
of many species to grow on serpentinite (Lyons et al 1974).
The Coolac Serpentinite has a 50% natural cover of 
Xanthorrhoea australis (blackboys) which are clearly visible 
on air photos and is the most dominant indicator species 
found in the serpentinite.
Clearing for grazing and pastoral vegetation stops at 
the contact with the Coolac Serpentinite, presumably because 
grasses suitable for pasture will not grow on it.
1:4.Geomorphology
The geomorphology of the area in which this study is 
based has been described recently by Lambkin (1987). The 
Young Granodiorite and Bogong Granite form rolling, convex 
upwards hills with rounded summits. Creeks developed on 
these batholiths are generally small in size and form steep 
valleys with no floodplains.
The Young Granodiorite, which is present as both 
massive and foliated types has an elevation of 900m in the
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southern portion of the study area. The areas of foliated or 
mylonitized granodiorite tend to form flat areas with well 
developed soil profiles whereas the more massive 
granodiorite forms hills with steep sides.
The Bogong Granite is the dominant rock type in the 
western portion of the study area where it forms an 
undulating to steep terrain with positive relief. The 
mineralogy of the two batholiths control the development of 
weathering profiles.
The high quartz content of the Bogong Granite and its 
undeformed nature mean that thick soil profiles are rarely 
developed, whereas the Young Granodiorite, with its 
mineralogy of quartz, plagioclase, orthoclase and biotite, 
tends to be less resistant to weathering, and hence deeper 
soil profiles are developed.
The Honeysuckle Metabasic Igneous Complex tends to form 
a negative geomorphological feature, as it is easily 
weathered. It generally forms flat hills.
The Coolac Serpentinite forms a dominant ridge where it 
occurs, although it is not as resistant to weathering as the 
Young Granodiorite and Bogong Granite.
1:5. Outcrop Exposure.
Exposure of outcrop in the study area is relatively 
poor and discontinuous. The Coolac Serpentinite is the best 
exposed unit due to the limited development of soil and
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vegetation cover. Other units have exposure of between 10-40 
percent.
1:6. Analytical Procedures.
Samples selected for analysis were initially prepared 
by slabbing and washing in acetone. They were then crushed 
in a "Tema" crusher to -100 mesh size. The powder was then 
separated into two lots, one being cold pressed into buttons 
for trace element analysis and the other fluxed with lithium 
borate and heated to 1000°C for whole rock analysis. The 
analyses were performed by energy dispersive XRF with an 
accelerating voltage 37 kEV and .25 nA. All analyses are on 
an anhydrous basis unless otherwise stated. X-ray
diffraction was also performed on serpentinite to determine 
the phases present. Ferrous iron was determined by
titrimetry and sodium by atomic asorption spectrometry.
Samples used for microprobe analysis were prepared by 
the technical staff of the Geology Department. The samples 
were analysed at the Research School of Earth Sciences at 
the Australian National University under the supervision of 
Nick Ware. The operating conditions were a counting time of 
80 seconds at an accelerating voltage of 15 kV and lOnA. The 
raw data were corrected using the program of Ware (1981).
Ferric iron in these analyses was determined using the 
technique of Droop (1987).
1:7. AIMS.
The principal aims of this thesis are to:
(a) attempt to determine the maximum temperature 
and pressure operative during metamorphism,
(b) describe the prograde and retrograde phenomena 
within the hornfelses developed in the aureole of the Bogong 
Granite;
(c) to undertake a geochemical study to ascertain 
parental affinities and to test for the mobility of elements 
prior, during and post-contact metamorphism;
(d) to apply experimentally determined equilibria 
in an attempt to delineate prograde and retrograde 
metamorphic conditions;
(e) attempt to determine the genesis of the small 
sulphide body at Patten's Ridge;
(f) attempt to determine the origin of the banded 
calc-silicate rock at Patten's Ridge.
To obtain these goals, a combination of petrographic 
and analytical techniques have been employed, including XRD 
and XRF for mineral identification and analysis, and 
microprobe analysis for individual mineral identification. 
These methods have been combined in an attempt to determine 





The area of study lies approximately 20-25 kilometres 
southeast of Tumut in southern New South Wales, and is 320 
kilometres southwest of Sydney. The study area extends from 
the old Goobarragandra homestead in the south to north of 
Beaverbrook homestead, a distance of 8 kilometres (Figure 
2) .
The rocks in this area are of Mid Silurian to Early 
Devonian in age and represent a portion of the Coolac 
Ophiolite Suite, an obducted and dismembered piece of 
oceanic crust formed within the Tumut Trough during the Mid­
Late Silurian (Ashley et al 1979; Cas et al 1980;
Basden, 1982; Powell, 1983).
The dismembered ophiolite forms a sliver through the 
central portion of the study area and represents the 
southern extremity of an ultramafic-mafic association which 
extends from north of Coolac to the middle of the study 
area, a distance of approximately 60 kilometres (Golding, 
1969). The obducted ophiolite is expressed 
geomorphologically as the Honeysuckle Ranges.
In this area, the ophiolite sequence ranges in width 
from 500m in the north to 10m near its termination at 
Patten's Ridge, a distance of approximately 5 kilometres. In 
this area dismemberment has disturbed the original ophiolite
Figure 2. Geology of the,Goobarragandra-Lameroo to
Beaverbrook area to the southeast of Tumut.
t;
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stratigraphy, but to the north the ophiolite is locally 
complete and has been the subject of extensive research 
(Ashley 1973a; Ashley et al 1971; Ashley et al 1979; 
Franklin, 1976; Brown, 1979; Basden, 1974, 1982, 1986; 
Basden et al 1978, 1987; Golding, 1966, 1969; Ray, 1977).
The major geologic units in the area are the Coolac 
Serpentinite and the Honeysuckle Metabasalt (which 
constitute portion of the Coolac Ophiolite) which are of Mid 
Silurian age. Flanking these to the east is the synkinematic 
Mid to Late Silurian Young Granodiorite and its associated 
volcanics, the Goobarragandra Volcanics (Ashley et al 1971) 
and to the west is the Early Devonian post-kinematic Bogong 
Granite (Basden, 1982; 1986). The Young Granodiorite,
Goobarragandra Volcanics and the Bogong Granite constitute 
the majority of outcrop in the study area.
The Coolac Ophiolite, in its complete section, has been 
described in detail (Franklin, 1976; Ashley et al 1979 and 
references therein) and is comprised of three essential 
units. From base to top these are;
(i) Coolac Serpentinite Belt, described in 
detail by Ashley (1973a), comprising of variably (75-100%) 
serpentinized harzburgite, with chromitite pods (Golding, 
1966) and tectonic inclusions,
(ii) North Mooney Complex (Franklin, 1976) which 
is comprised of layered werhlite, gabbro and clinopyroxenite 
with minor diorite, trondhjemite and rare plagiogranite 
(Ashley et al 1983), and
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(iii) Honeysuckle Metabasic Igneous Complex, 
consisting of metabasalt, minor sheeted dolerite dykes, 
minor mudstone and chert, pyritic sulphide-rich rocks and 
meta-andesite (Ashley et al 1979; Brown, 1979).
The origin of the Coolac Serpentinite and Honeysuckle 
Metabasalt has been the point of some conjecture. Heilman 
and Henderson (1977) argued that, based upon REE patterns, 
the greenstones from the Honeysuckle Beds did not represent 
an ophiolitic association. Ashley et al (1979) however, 
using extensive chemical and field data, showed that the 
Coolac Serpentinite, North Mooney Complex and the 
Honeysuckle Beds represent a partially dismembered ophiolite 
suite.
2:1. Tectonic History.
The Ordovician palaeogeography of southeastern 
Australia consisted of an island arc (Molong Volcanic Arc) 
in eastern New South Wales separated from the Gondwanan 
craton by a marginal sea (Wagga Marginal Sea). In the Tumut 
region, intra-arc rifting during the Mid Silurian had led to 
the development of the Tumut Trough, which has been 
interpreted as representing a pull-apart basin (Scheibner, 
1973; Powell, 1983). The development of the Tumut Trough was 
probably controlled by the proto-Gilmore Fault (Basden, 
1982; Basden et al 1987).
The extensional tectonic regime operating during the
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Mid-Silurian is evidenced by the development of sheeted 
dykes in the Coolac ophiolite (Brown, 1979). The oceanic 
crust (now represented by the Coolac Ophiolite) was also 
developed during this period.
The tectonic models of the Tumut region all contain 
these essential features (Basden et al 1987);
(i) an Ordovician volcanic arc to the east (Molong 
arc) of the Gondwanan craton, and separated from it by the 
Wagga Marginal Sea,
(ii) plate convergence giving way in the earliest 
Silurian to transcurrent motion and the development of rift 
basins. This led to the development of the Tumut Trough;
(iii) development of oceanic crust in parts of the 
rift system,
(iv) emplacement of S-type batholiths (Young 
Granodiorite, Wondalga and Ellerslie Granodiorites) along 
the flanks of the trough during the Late Silurian,
(v) deformation and emplacement of the Coolac 
Ophiolite along the eastern margin of the trough during the 
Late Silurian,
(vi) emplacement of post-kinematic I-type stitching
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granites (Bogong, Gocup and Killimicat Granites) in the 
Early Devonian.
As pointed out by Basden et al (1987) these models have 
implicit to them the fact, that with the exception of the 
ophiolite, the relative positions of the various rock bodies 
are the same now as they were in the Late Silurian-Early 
Devonian.
Basden et al (1987) have identified five "suspect" 
terranes, which from west to east are; Wagga-Omeo Terrane, 
Jindalee Terrane, Tumut Terrane, Mooney Mooney Terrane, and 
the Young Terrane. The Coolac Ophiolite forms part of the 
Mooney Mooney terrane. The emplacement of the ophiolite is 
interpreted as being controlled by the Mooney Mooney Fault 
(Basden et al 1987).
The relative positions of these terranes may have 
changed since the Early Devonian (at least along the Mooney 
Mooney Fault). This relative movement is evidenced in the 
study area where the Bogong Granite and the Young 
Granodiorite are within 20m of each other. The sporadic 
development of mylonites along the Coolac Serpentinite-Young 
Granodiorite contact (Ashley and Chenhall, 1976) suggest 
that the Young terrane has been thrust over the Coolac 
Serpentinite, probably after emplacement of the Bogong 
Granite. This is further evidenced by the lack of thermal 
metamorphic effects in the Young Granodiorite which should 
be present if the two bodies were only 20m apart at the time 
of emplacement of the Bogong Granite.
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The Mooney Mooney Fault is the major fault running 
through the study area, and further to the north forms a 
complex faulted shear zone with numerous braided components 
up to several kilometres wide (Basden et al 1987). The Young 
Granodiorite (Terrane) has been thrust over the Mooney 
Mooney Terrane as is evidenced by the development of 
extensive mylonites. The dip on the fault which ranges from 
65°E to 90° (Ashley et al 1971; Basden et al 1978), 
indicates that the Mooney Mooney fault is an east-dipping 
high angle reverse fault consistent with a west-southwest 
thrusting of the Young Terrane over the Mooney Mooney 
terrane (Basden et al 1987).
2:2. YOUNG GRANODIORITE.
The Young Granodiorite is the most extensive rock type 
encountered during this study. The batholith, in its 
entirity, extends from Yarrangobilly in the south to 
Canowindra in the north, a distance of some 400 kilometres 
(Ashley and Chenhall, 1976), and is comprised essentially of 
massive to foliated biotite granodiorite.
The Young Granodiorite is an S-type batholith (Chappell 
and White, 1974; White and Chappell, 1983; Owen and Wyborn, 
1979), and a synkinematic granite using the classification 
of Marmo (1971). The S-type nature of the granodiorite is 
based on chemical and mineralogical data, with restite 
garnet being reported from the Young area by Stevens (1952).
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The Goobarragandra Volcanics, which consist of 
chemically equivalent rhyolite, rhyodacitic and dacitic 
rocks (Ashley, 1973a; Basden, 1974; 1982; 1986; Owen and
Wyborn, 1979) display a close spatial and chemical 
relationship to the Young Granodiorite. Both rock suite are 
characterised by relatively high Si02 (65-70 wt%) and 
Fe^+/Fe^++Fe^+, and similar MgO/MgO+FeOT , K20/Na20 and Rb/Sr 
ratios. This has been interpreted as implying that the 
rhyodacitic rocks and the granodiorite are comagmatic 
(Ashley, 1973a; Basden, 1982).
A K/Ar age of 417 + 6 Ma, interpreted as representing
an alteration age, has been obtained by Owen and Wyborn 
(1979) , giving the batholith an age of at least Late 
Silurian. An age of 405 + 16 Ma obtained from a biotite by
Basden et al (1978) represents a deformation event.
2:2:1. Petrography.
The Young Granodiorite can be subdivided into two 
groups;
(i) foliated to mylonitized granodiorite, and
(ii) weakly to non-foliated granodiorite.
The distribution of these two rock types is governed to 
a great extent by their proximity to the contact with the 
Coolac Serpentinite: the strongly foliated to mylonitized 
granodiorite occurs at the contact in a belt up to 300 m
14
wide, and within isolated shear zones up to 1000m away, 
whereas the weakly foliated to massive granodiorite 
dominates all other areas. A detailed study of the mylonites 
in the Young Granodiorite has been performed by Ashley and 
Chenhall (1976). Similar occurrences of mylonites have been 
reported from Japan by Tagaki (1986) and from the Pyrenees 
by Passchier (1985).
The mineralogy of the foliated granodiorite and the 
massive granodiorite are essentially the same, consisting of 
plagioclase (25-30 vol %), quartz (25-30 vol %), orthoclase 
(15-20 vol%) and biotite (15-20 vol %). Accessory phases, 
which constitute no more than 5 vol percent are muscovite, 
zircon, apatite, sphene, clinozoisite and ilmenite.
Within the foliated to mylonitized granodiorite, the 
minerals which undergo the most intense deformation and 
recrystallization are quartz and biotite (White, 1971, 1973, 
1974), whilst the feldspars appear to be stronger (Lorimer 
et al 1972; White, 1975; Voll, 1976; Kerrich et al 1977; 
Allison et al 1979). The relative strength of the phases is 
seen in Plates 2 to 5. Plate 2 shows fractured plagioclase 
surrounded by deformed and recrystallised quartz and 
biotite, whilst Plate 4 shows strongly deformed and 
recrystallized quartz + orthoclase in alternating layers. 
The quartz shows strong development of subgrains, as it does 
in Plates 2 and 3.
Plate 2. Fractured plagioclase (PI) 






Plate 3. Sub-grain development in quartz, 
plagioclase on right, width of field 0.7mm.
with fractured 
Sample No. G-22.
Plate 4. Alternating bands of recrystallized quartz (Qz) and 
orthoclase (Or), showing strong development of subgrains and 
foliation. Width of field 4mm. Sample No. G-17.
Plate 5. Development of kink bands in quartz. Width of field
0.7mm. Sample. No. GAI-lb.
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2:3. GOOBARRAGANDRA VOLCANICS.
The Goobarragandra Volcanics occur in the central to 
southern portions of the study area. They consist primarily 
of porphyritic dacite to rhyodacite, with minor basalts and 
siltstone. The presence of pillow basalts has been recorded 
by Irving (1967) and in the present study at GR 277852, and 
all rocks show the effects of low grade greenschist regional 
metamorphism. The unit shows the effects of thermal 
metamorphism by the Bogong Granite south of Patten's Ridge. 
This effect becomes indistinguishable from the regional 
metamorphic imprint 20m away from the contact with the 
Bogong Granite.
The acidic rock types (which dominate the unit) show 
strong chemical affinities with the Young Granodiorite, and 
are interpreted as representing the volcanic cap of the 
batholith (Ashley, 1973a; Basden, 1982).
An age of 4 2 9 + 1 6  Ma has been obtained by Owen and 
Wyborn (1979), placing the volcanics as Middle Silurian. 
Chemically, the Goobarragandra Volcanics show a similar Si02 
range (66-71 wt%) to the Young Granodiorite. Minor 
differences in CaO, Na20 and K20 probably reflect greater 




The most outstanding feature of the Goobarragandra 
Volcanics is the development of graphic intergrowths of 
quartz and alkali feldspar. These grains are anhedral and up 
to 4 mm in size (Plate 6). Plagioclase and quartz also form 
phenocrysts up to 3 mm. These are set in a groundmass of 
fine grained quartz and minor feldspar (up to 0.1 mm).
Biotite also occurs in quantities up to 20 vol percent 
in some samples, where it occurs as euhedral to anhedral 
flakes up to 3 mm in size. These biotites often show kinking 
and have rutile inclusions which parallel (110) and (001). 
These biotites are strongly pleochroic, with X= pale yellow 
brown, Y=Z= dark red-brown. Partial alteration to chlorite 
is a common feature in most of these biotites.
2:4. BOGONG GRANITE.
The Bogong Granite, a part of the Boggy Plain 
Supersuite (Wyborn et al 1987), is the major geological unit 
in the western portion of the study area, where it forms the 
Bogong Ranges. It is composed primarily of adamellite, with 
subordinate microadamellite and aplite dykes.
A recalculated K/Ar age of 410 + 16 Ma has been 
obtained (Richards et al 1977) which places the batholith as 
Late Silurian to Early Devonian. The Bogong Granite 
post-dates the Coolac Serpentinite and the Honeysuckle
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Metabasic Igneous Complex. This is evidenced by the 
development of a narrow thermal aureole in the Coolac 
Serpentinite and the Honeysuckle Metabasic Igneous Complex 
(Thomson, 1970; Ashley, 1973a; Irving and Ashley, 1976).
2:4:1. Petrography
The Bogong Granite shows two distinct types, a "pink" 
and a "white" granite. There is, however, no distinctive 
chemical difference between the two, with both consisting of 
quartz, orthoclase and plagioclase. Accessory biotite, 
muscovite and minor sphene, zircon and rare sulphides 
complete the assemblage.
Microscopically, the rocks are holocrystalline with an 
allotromorphic texture and an average grainsize of 1-1.5 mm, 
although coarser grains (up to 3 mm) do occur (Plate 7).
(1) Quartz
Quartz in the "white" granites occurs as anhedral 
grains up to 2 mm in size showing characteristic undulose 
extinction. It comprises between 35-40 vol percent of the 
granite.
(2) Plagioclase
Plagioclase also occurs as anhedral grains up to 1.5 mm
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in size, commonly showing albite twinning. The composition 
of the plagioclase is An^5_2o (°li3°clase)• The plagioclase 
commonly contains small inclusions of apatite and shows 
partial alteration to epidote/clinozoisite and white mica. 
The plagioclase occupies 25-30 vol percent of the rock.
(3) Orthoclase
Orthoclase occurs as anhedral grains up to 1.5 mm in 
size and constitutes approximately 25-30 vol percent of the 
rock. These grains commonly show a perthitic texture, with 
sodic plagioclase forming wispy laths within the orthoclase.
(4) Biotite
Biotite varies in volume in the Bogong Granite between 
2-10 percent, but is generally restricted to volumes less 
than 5 vol percent. It occurs as small, partially 
chloritized flakes up to 1 mm in size. It is pleochroic from 
pale yellow to red-brown, with X= pale yellow, Y= Z= 
red-brown. The biotites commonly show inclusions of zircon, 
which have characteristic pleochroic haloes.
The "pink" granites show the same mineralogy as the 
"white" granites, the only noticeable difference being the 
the "pink" granites contain slightly more ferromagnesian 
minerals, which give a pink colouration upon weathering.
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2:4:2. Geochemistry
The Bogong Granite shows chemical affinities with the 
Gocup and Killimicat granites to the north of the study area 
(Ashley, 1973a; Basden, 1982; 1986). These granites have
been classified as I-type, using the classification scheme 
of Chappell and White (1974), although rare fluorite and 
tourmaline has been reported (Basden, 1986), indicating 
minor A-type characteristics (Collins et al 1982). The 
classification of Marmo (1971) indicates that the Bogong
Granite is post-kinematic.
Representative analyses of the Bogong Granite and the 
Young Granodiorite are given in Table 1. A compendium of 
analyses of these and other units within the area is given 
in Basden (1986), and it is from these analyses that the 
following interpretations are drawn.
The Bogong Granite, in line with other I-type 
batholiths of the Boggy Plains Supersuite (Wyborn et al
1987) shows higher Si02, K20 and P2°5 and lower Na20, CaO, 
and MgO + FeO^ relative to the Young Granodiorite.
Silica is in the range of 68-77 wt%, with a mean of
74.46 wt% (n=20) compared to the range of 66-71 wt% with a 
mean of 69.65 wt% (n=19) for the Young Granodiorite. The
Bogong Granite shows decreasing MgO + FeOT , CaO and A 1 2° 3  
with increasing Si02-
FeOT + MgO is lower in the Bogong Granite (range 
1.02-5.06 wt%, mean = 2.29 wt%) than the Young Granodiorite
Table 1. Young Granodiorite, Goobarragandra Volcanics and Bogong Granite Analyses.
G-23 GAI-1 G-22 GAI-2 . B-l GAI-3 B-2 G-3 G-6 G-13 G-24 AB-1 B-3
SiO 70.31 67.51 68.64 73.03 69.65 69.91 70.11 74.54 73.54 75.04 72.95 76.% 74.44
TiO^ .30 .60 .61 .62 .54 .53 .53 .15 .26 .17 .26 .10 .21
A1_0_ 2 3FeOp
14.75 14.32 14.05 14.08 13.% 14.41 13.65 12.89 13.36 11.75 12.94 12.63 12.96
2.43 5.06 4.84 4.15 3.85 4.09 3.87 1.28 2.12 2.14 2.02 .46 1.87
MnO .04 .06 .06 .06 .06 .06 .07 o to .04 CNO .04 .02 .04
MgO .76 1.67 1.83 1.62 1.71 1.53 1.56 4.30 .54 1.49 1.39 .09 .42
CaO 1.81 2.40 2.16 2.09 2.35 2.32 1.81 .67 1.70 2.67 2.33 .59 1.21
Na 0 4.90 2.74 2.14 - 2.79 2.74 2.98 2.43 2.55 3.10 2.26 2.16 3.55
2.77 3.30 4.17 3.42 3.15 3.55 3.43 4.44 3.43 1.82 3.71 5.08 4.29
P2°5 .08 .27 .24 .06 .15 .13 .10 “ .02 .19 - .05
Total 98.74 97.97 98.74 99.14 98.21 99.27 98.11 100.72 97.46 -98.20 98.15 98.09 99.04
G-23, GAI-1, GAI-2, G-22 Young Granodiorite
B-l Mean of 13 analyses of Young Granodiorite from Basden (1986)
GAI-3 Goobarragandra Volcanics, 500m east of Goobarragandra Homestead
B-2 Mean of 13 analyses of Goobarragandra Volcanics from Basden (1986)
G-3, G-6, G-13, G-24, AB-1 Bogong Granite
B-3 Mean of 14 analyses of Bogong Granite from Basden (1986)
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(range 4.17-6.56 wt%, mean = 5.58 wt%) and is reflected in
the modal percentage of mafic phases, biotite and magnetite. 
The Young Granodiorite has up to 20 vol percent biotite 
whilst the Bogong Granite generally has less than 10 vol 
percent.
The molecular ratio Al/(2Ca + Na + K) of the Bogong
Granite is within the range 0.75-0.92, well below the value 
of 1.1 which is the accepted boundary between I- and S-type
batholiths (Chappell and White, 1974).
2+ 2+ 3+The oxidation ratio (Fe /Fe + Fe ) of the Bogong
Granite is slighter lower (0.81) than the Young Granodiorite 
(0.87), which may be a product of minor alteration.
" The Bogong Granite is part of a belt that roughly 
coincides with the Molong Volcanic Arc, there may be a 
genetic relation between the two. As many of the Molong 
Volcanic Arc basalts are apparently enriched in incompatible 
elements, a likely source for the (Bogong Granite and other) 
batholiths of the Boggy Plains Supersuite is the high-K
gabbroic bodies intruded into the lower crust during the
Ordovician volcanism." (p 34, Owen and Wyborn, 1979).
2:4:3. Emplacement
The emplacement of the Bogong Granite appears to have 
been controlled to a degree by the Mooney Mooney Fault 
Basden et al 1987). It appears to be a high level pluton. 
This assessment is based on indirect evidence such as the
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development of low pressure phases in the associated 
metamorphic aureole, and the fact that the possibly 
comagmatic Gatelee Ignimbrite now outcrops at a lower level 
(base 300-500m asl) than the top of the Bogong Granite 
(1389m asl).
Using the technique of Luth et al (1964) and plotting 
the modal values for Q, Or and Ab, a confining pressure for 
the Bogong Granite of 0.5-1.0 kbar is obtained (Figure 3).
The temperature of emplacement can be qualitatively 
estimated from indirect evidence. The presence of chilled 
margins, the extremely leucrocratic nature of the pluton and 
the narrow thermal aureole (indeed, in some areas no aureole 
is developed) all indicate that the temperature of 
emplacement was relatively low, possibly in the order of 700 
C. Evidence for this is presented in Chapter 4.
2:4:4. Contact Relationships.
The Bogong Granite intrudes the Coolac Serpentinite, 
the Honeysuckle Metabasic Igneous Complex and the 
Goobarragandra Volcanics, producing variable thermal 
metamorphic effects in each of these units. It is, however, 
not observed to intrude the Young Granodiorite, even though 
the two bodies crop out within 20m of each other at Federal 
Park (GR 261877). This may indicate post-emplacement 
movement by the Young Granodiorite, as the Bogong Granite 
shows no deformational fabric.
SI02
Na A IS i308  10 20 30 40 50 60 70 80 90 KAIS i308
Figure 3. Normative Or-Ab-Q plot for 26 analyses from the
Bogong Granite showing the field (dashed area) in 
which they formed. Values are P in bars. T is 
ternary minimum point (from James and Hamilton, 
1 9 6 9 )  . after Luth et.al. (1964)
Plate 6. Graphic intergrowth of quartz and orthoclase in the 
Goobarragandra Volcanics. Sample 500mcT of Goobarragandra 
Homestead. Width of field 4mm. Sample No. GAI-4.
Plate 7. Bogong Granite showing holocrystalline texture. 
Phases are plagioclase (Pi) , quartz (Qz) and orthoclase 
(Or). Width of field 4mm. Sample No. G-13.
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The Bogong Granite contact relationship with the 
Coolac Serpentinite and the Honeysuckle Metabasalt varies 
from vertical (along Patten's Ridge) to subhorizontal (at 
Lameroo). The varying geometry is reflected in the width of 
the metamorphic aureole. At Patten's Ridge, the aureole is 
of the order of 10-30m wide, with small satellite bodies of 
granite cropping out through the serpentinite, whereas at 
Lameroo, the aureole is up to 300m wide. At Lameroo, the 
lack of metamorphic zonation provides evidence that the 
granite contact is subhorizontal.
2:5. HONEYSUCKLE METABASIC IGNEOUS COMPLEX.
In the study area, the Honeysuckle Complex consists of 
variably metamorphosed rocks of basaltic parentage. The 
thermal metamorphic assemblages and their petrogenesis are 
discussed later, but in general the principal assemblage is: 
olivine + amphibole + spinel + magnetite (+ diopside).
The exposure of the unit is quite sporadic, with it 
cropping out as small discontinuous blocks along Patten's 
Ridge and at Lameroo. In the Lameroo section (east of the 
Goobarragandra River) the Honeysuckle Metabasic Complex 
occurs between two slivers of Coolac Serpentinite, the 
contact being entirely tectonic.
An age of 426 + 6 Ma (Webb, 1980) has been obtained for 
the unit, placing it as Upper Silurian. The rocks from 
outside the study area show a ubiquitous lower greenschist
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facies metamorphism, with the development of chlorite, 
albite and actinolite being commonplace (Ashley et al 
1971) . In outcrop, these rocks are massive greenstone which 
often shows iron staining. Using the classification of De la 
Roche et al (1980) and Le Maitre (1984), the Honeysuckle 
Metabasic Igneous Complex comprises essentially of 
subalkaline low-K tholeiites.
Analyses of basalts from this unit (Basden, 1986) show 
low Ti (<1.5 wt%), very low K20 (<0.50 wt%), and high Al 
(up to 20 wt%).
The thickness of this unit is unknown due to the 
tectonic history of the area. Its contacts are all tectonic, 
except with the Bogong Granite, which underlies the unit in 
the Lameroo and Patten's Ridge sections.
2:6. COOLAC SERPENTINITE
The Coolac Serpentinite is the basal unit of the Coolac 
Ophiolite Suite (Unit A of the Penrose Conference, 1972). 
The Coolac section has been used as the type section for 
many studies (eg: Fraser, 1967; Golding, 1969; Golding and 
Bayliss, 1968; Ashley, 1973a; Ashley et al 1979).
The Coolac Serpentinite occurs as a north-northwest 
trending body approximately 60 kilometres long and up to 2 
kilometres wide (Golding, 1969). It consists of 
olivine-rich harzburgites, with subordinate dunite, 
lherzolite, werhlite and chromitite; these four rock types
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and their serpentinized derivatives comprising no more than 
5 percent of the overall outcrop within the Coolac 
Serpentinite (Ashley, 1973a).
The olivines and enstatites from the harzburgitic rocks 
have limited compositional ranges; olivines ranging between 
F°9 0.4-91.7 âv* Fo91 1̂  and enstatites ranging between 
En88.1-90.7 (av* En89.4} (from Ashley, 1973a).
The serpentinite in the study area is either composed
of;
(i) serpentine + relict olivine + magnetite + chromite
(ii) metamorphosed derivatives of serpentinite.
The serpentinite consists of magnetite, minor relict 
chromite and olivine, and the low temperature serpentine 
polymorphs lizardite and chrysotile. Lizardite (determined 
by XRD) is the most commonly encountered serpentine phase, 
with both chrysotile and antigorite being subordinate. Other 
serpentinization products such as brucite and magnesite are 
only rarely developed, magnesite being recorded at only one 
location (GR 241897) .
Contact metamorphosed derivatives commonly contain 
metamorphic olivine, identifiable by its granoblastic 
texture and "dustings” of magnetite (cf. Ashley, 1973a; 
Irving and Ashley, 1976). The evolution of the metamorphic 
phases is discussed later, but it should be mentioned that 




During emplacement the entire ophiolite suite was 
dismembered. This led to the elongate shape of the body and 
the development of subparallel sheets of different members 
of the suite.
The major contact of the Coolac Serpentinite along the 
eastern portion of the study area is with the Young 
Granodiorite. This contact is entirely tectonic, and dips at 
75° to the east, indicating that the serpentinite is 
overturned (Basden, 1986). The tectonic nature of the 
contact has produced mylonites within the Young Granodiorite 
and shearing within the serpentinites.
In the Lameroo section, the Coolac Serpentinite 
consists of two sheets separated by a body of variably 
metamorphosed basalts (Honeysuckle Metabasic Igneous 
Complex). The contact of these units, as with the Young 
Granodiorite, is tectonic. No evidence of either a thermal 
or dynamothermal aureole between the Coolac Serpentinite and 
the Honeysuckle Metabasalt has been observed. The contact 
between the Coolac Serpentinite and the Goobarragandra 
Volcanics is also of a tectonic nature.
A narrow thermal aureole (between 10-30m wide) is 
developed at Patten's Ridge where the Bogong Granite 
intrudes the Coolac Serpentinite and the Honeysuckle 
Metabasic Igneous Complex, indicating that the emplacement 
of the Bogong Granite postdates all other rocks in the study
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area. The contact relations between the Coolac Serpentinite 
and the Bogong Granite varies markedly. Along Patten's 
Ridge, the contact is almost vertical, and a narrow thermal 
aureole approximately parallels the granite. The granite 
also underlies part of the aureole at Patten's Ridge. This 
is evidenced by the presence of small granite satellites 
cropping out along the ridge.
At Lameroo, the granite underlies the Coolac
Serpentinite and the Honeysuckle Metabasic Igneous Complex, 
producing a consistent aureole of constant or near constant 
grade over distances of 200-300 metres. The presence of 
small satellite bodies of granite at distances of 300 metres 
away from the major body indicate that the granite occurs at 
shallow depths beneath the hornfels.
2:6:2. Serpentinite Petrography.
The principal phases present in the Coolac Serpentinite 
in the study area are lizardite/chrysotile, magnetite, 
relict chromite, olivine and orthopyroxene, with lesser 
amounts of antigorite, anthophyllite, tremolite and talc. A 
more extensive number of phases have been reported by Ashley 
(1973a) for the entire Coolac Serpentinite Belt, including 
Fe-Ni sulphides and alloys in the partially serpentinized 
rocks. Representative serpentinite analyses from ophiolites 
worldwide are presented in Table 2.
The Coolac Serpentinites show little difference from
27
other serpentinites from various locations around the world. 
All show an increase in ^e2^3 with increasing
serpentinization (represented by the development of 
magnetite) and decreasing A12C>3 and CaO (Ashley, 1973a) . 
These features are characteristic of the serpentinization 
process (Coleman, 1977) .
(i) Lizardite/chrysotile
These two phases are present in amounts up to 95 
percent, with lizardite being the dominant phase, and 
together with magnetite constitute the most common 
assemblage found in the serpentinite.
In thin section, the lizardite forms small laths up to 
0.05mm long. These laths form fine "hourglass" textures (cf. 
Wicks and Whittaker, 1977) that are non-pseudomorphous: ie; 
former olivine and/or orthopyroxene outlines are not 
discernable. This non-pseudomorphous texture is the most 
prevalent.
Pseudomorphous textures after olivine and orthopyroxene 
(opx-bastites, Dungan 1979) are less common but easily 
identified. The original grain shape is retained and the 
replacing serpentine forms blades up to 0.02mm long. These 
bastites also have trails of magnetite, which represent the 
pathway of initial fluid access.
Cross-cutting veins of chrysotile are are a common 
feature in the foliated serpentinite proximal to the contact
Table 2. Comparative Analyses of Serpentinites Worldwide.
1 2 3 4 5 6 7 8
Si0„2TiO
43.90 39.70 43.50 39.60 45.10 44.64 47.38 47.14
.01 - .01 - .01 .02 .02 .04
Al 0 .94 2.40 .47 .48 1.74 2.76 1.26 .722 3 Fe 0
Fe? 3
1.34 3.90 5.40 4.90 1.89 3.04 4.76 6.10
6.55 3.90 3.20 5.30 6.29 5.28 2.83 2.65
MnO .12 ' .11 .15 .10 .15 .13 .14 .12
MgO 45.90 48.10 45.70 45.20 43.07 43.77 43.56 41.21
CaO .60 1.00 .77 1.00 1.69 1.27 .02 .13
Na 0 .01 .01 .01 .16 .02 .02 - -
K_Ö - - - - .03 .02 .01 -2
P2°5 - - - - .01 .01
.01
Total 99.37 99.21 99.21 96.74 100.00 100.96 100.00 98.10
Harzburgites (averages)
(1) Burro Mountain 8 Harzburgites Loney et.al. (1971)
(2) Bay of Islands 22 11 Irvine and Findlay (1972)
(3) Troodos 8 11 Menzies and Allen (1974)
(4) Semail 2 11 Glennie et.al. (1974)
(5) Coolac 3 11 Ashley (1973a)
Serpentinites (averages)
(6) Coolac 4 partially serpentinized Harzburgites Ashley (1973a)
(7) Coolac 4 serpentinites Ashley (1973a)
(8) Coolac 15 serpentinites This Study
fron Coleman (1977)
Analyses 1, 2, 3, 4,and 8 analysed for H O, then recalculated to 100%
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with the Young Granodiorite. These veins may be up to 3 mm 
wide and are comprised of fibres of chrysotile, with 
individual fibres attaining a length of 3 mm. These veins 
anastomose extensively.
(ii) Magnetite
Magnetite is an ubiquitous phase associated with 
serpentinites. In the area under study, magnetite occurs in 
several forms, the most common being as small (0.05-0.1 mm) 
xenoblastic grains distributed evenly throughout the
lizardite. In rocks containing serpentine veining, the 
concentration of magnetite increases with the density of 
veining, indicating that this magnetite was produced during 
the (retrograde) serpentinization of metaserpentinites.
A possible reaction for the evolution of magnetite 
(Janecky and Seyfried, 1986) is as follows:
2Mg1 gFe0 2Si04 + 2.933H20 = Mg2 7FeQ 3Si2C>5 (OH)4 +
0.9 OMg (OH) 2 + 0.033Fe3C>4 + 0.033 H2
This reaction, through the generation of H2 accounts for the 
reducing conditions operative during serpentinization
(Ashley, 1975; Moody, 1976a,b; Labotka and Albee, 1979).
In the metaserpentinites within the aureole of the 
Bogong Granite, magnetite produced during the
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serpentinization process appears to have acted as a 
nucleating agent for metamorphic phases such as olivine and 
amphibole, as it occurs randomly dispersed throughout these 
phases.
(iii) Chromite
Relict chromite is encountered in the Coolac 
Serpentinite in varying amounts, but is generally less than 
5 vol percent. It occurs as subhedral grains up to 2 mm in 
size. Under conditions of alteration and metamorphism, 
chromite may release chromium with the subsequent formation 
of ferritchromite (Ashley, 1975).
(iv) Talc
Along Patten's Ridge and at the Goobarragandra Mine (GR 
264869) talc schist is commonly developed. Along Patten's 
Ridge talc rocks crop out as blocks up to 20m x 10m within 
the serpentinite. These large blocks of massive talc are 
generally adjacent to small satellite bodies of Bogong 
Granite and may indicate a late stage alteration of 
metaserpentinite.
Talc is present in the Coolac Serpentinite in amounts 
ranging from zero to 100 percent, although it generally 
occurs in the order of 10 vol percent. Its presence becomes 
more widespread in the aureole of the Bogong Granite, where
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it appears to be of a retrograde nature, replacing olivine 
and relict enstatite.
It generally forms flakes up to 0.05mm long, although 
larger (up to 1 mm) flakes do occur. These larger flakes 
occur where talc has partially replaced relict
orthopyroxene. Talc also occurs with anthophyllite, where it 
forms a majority (80%) of the rock. In this rock it 
pseudomorphs the anthophyllite.
(v) Magnesite
The occurrence of magnesite is restricted to one 
locality in the study area (GR 241896). Its presence is 
unusual as it reflects higher XCQ2 conditions than recorded 
anywhere else in the serpentinite. It is present as both 
vein and massive types, with the former being the more 
common. The magnesite may represent a later weathering 
product as intergrowths of talc + magnesite have not been 
observed.
2:6:3. Tectonic Inclusions.
The dismemberment of the ophiolite during 
has led to the inclusion of various "exotic" 
within the Coolac Serpentinite. These rock 





to coarse grained hornblende-phyric gabbros (GR 242898) and
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medium grade regionally metamorphosed amphibolites with 
associated quartzites. The largest of these tectonic 
inclusions is an amphibolite body, which occurs along 
Patten's Ridge. It is approximately 400-500 metres long and 
up to 50 metres wide and consists of foliated amphibolite 
and minor quartzite. Similar rocks are observed associated 
with metaserpentinites at Lameroo and with metasediments to 
north on Beaverbrook (Chenhall, 1967) and elsewhere in the 
Coolac Serpentinite Belt by Ashley (1973a).
The smaller inclusions, like the large amphibolite body 
tend to be subparallel to the regional strike.
(a) Amphibolites.
The amphibolite inclusions within the Coolac 
Serpentinite have a strong directional fabric characterised 
by compositionally contrasted layering of hornblende and 
plagioclase (+ quartz + diopside).
The hornblende in these banded rocks ranges from 
ferro-hornblende to ferroan pargasite, depending on the bulk 
chemistry of the rock. They occur as brown-olive green 
grains up to 2 mm in size, and form layers up to 4 mm wide.
The plagioclase in these amphibolites occurs as small 
(0.5-1.5 mm) anhedral grains, with a composition of An37_40- 
They are subordinate to hornblende, constituting about 20 
volume percent of any rock.
Diopside occurs as xenoblastic grains which form
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elongate aggregates up to 4 mm long which parallel the 
general foliation in these rocks.
Accessory and alteration phases in these rocks include 
clinozoisite, magnetite, sphene, garnet, rare vesuvianite 
and extremely rare calcite. The accessory phases constitute 
up to 5 volume percent in some areas of the amphibolite.
(b) Hornblende-phyric Gabbro
This unusual rock type crops out as large boulders up 
to 3m x 3m x 4m at GR 242898. In outcrop it appears similar 
to the Bogong Granite, but upon closer examination is found 
to contain hornblende crystals up to 10 centimetres long. 
The exact origin of these rocks is unclear, but it may be 
that they represent Layer B (equivalent to the North Mooney 
Complex) of the ophiolite suite. Other occurrences of this 
particular rock type have been reported from Bombowlee Creek 
(Ashley, 1973a; Chenhall pers.comm.) and from the North 
Mooney Complex (Franklin, 1976) north of the study area. The 
strike slip faulting associated with the dismemberment of 
the ophiolite (Ashley et al 1979) may account for the 




The intrusion of the Bogong Granite into the altered 
and dismembered Coolac Ophiolite has produced a diverse 
range of hornfelses (Chenhall, 1967; Irving, 1967; Ashley, 
1973a) which can be broadly subdivided into three categories 
(Irving and Ashley, 1976) based upon chemistry and 
mineralogy. These hornfelses are sporadically developed in 
the aureole of the granite and are best developed along 
Patten's Ridge and Lameroo-Beaverbrook, a distance of 
approximately 5 kilometres. The hornfels distribution along 
Patten's Ridge is shown in Figure 4. Hornfelses are also 
developed to the south around the Bogong mine, approximately 
2 kilometres southwest of the Goobarragandra homestead 
(Irving, 1967; Ashley, 1973a).
The three categories of hornfelses, the mineral 
assemblages of which are presented in Tables 3 and 4, are as 
follows;
(i) metaserpentinites
(ii) aluminoferromagnesian (AlFeMg) hornfelses,
(iii) calc-silicate hornfelses.
These subdivisions are only a guide to the hornfels 
types, as overlapping between categories is quite common due 
to diverse original bulk chemistries. The whole rock
Figure 4. Hornfels dis tr ibut ion  along Patten's Ridge, (modif ied f rom Irving & Ashley, 1976)
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Table 4. Metamorphic Assemblages Found in the Hornfelses of the Boqonq Granite
i. Calc-Silicate Homfelses
(a) diop + pargasite + sph + gn + vesuv 
diop + plag + sp + ilm + qtz 
diop + plag + cliz + ilm 
plag + qtz + epid + sph 
plag + hbl + cliz + ilm 
cliz + pargasite + sph 
plag + hbl + biot + 
diop + hbl + ilm + sph 
vesuv + sph + cliz
ii) Altminoferrcpagpesian Homf elses
a) Anph + Sp + 01 bornf elses
01 + sp + mt + mg-hbl 
01 + sp + mt
01 + sp + mt + diop + plag + mg-hbl + act-hbl 
01 + sp + mt + mg-hbl + opx (relict)
b) Cordier ite -bearing homf eis
Cord + ged + opx + sp + mt + phlog + diasp (+ zirc + apat)
Cord + ged + sp + mt + opx
c) Sulphide-bearing homf eis
01 + sp + mt + antho + mg-hbl + sulph 
Mg-hbl + mt + sulph 
Mg-hbl + mt + talc + sulph + phlog 
Ca-gn + chl + sulph
Sulphides are pyrite + pyrrhotite + chalcopyrite + bomite + sphalerite 
Otber Homf eis
orthoclase
plag + qtz + hbl + diop (+ sph + mt + gn)
Hetaserpentinites
01 + act + mt 
talc + trem (+ mt)
Liz + talc + mt
Liz + ol + trem (+ talc) + rat
01 + opx + mt + talc + antho
talc + antho + mt
talc + mt
trem + mt
Relict Chromian spinel is usually present
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chemistries of the various hornfelses are presented in Table 
5 .
3:1 Metaserpentinites.
The metaserpentinites appear in outcrop as dark green 
to blue-black rocks, commonly with extensive chrysotile 
veining. The rocks crop out as predominant ridges. In hand 
specimen the metaserpentinites appear similar to their 
non-metamorphosed equivalents, but upon fracturing show 
decussate antigorite and to a lesser extent amphibole, and 
have more extensive lizardite/chrysotile veining.
The principal phases present in the metaserpentinites 
are olivine, antigorite, magnetite, lizardite, and talc, 
with relict phases such as olivine, chromite and 
orthopyroxene also being present. These relict phases 
constitute no more than 10 vol percent of the 
metaserpentinite. Minor phases include tremolite, 
clinochlore, magnesio-hornblende and disseminated sulphides.
The metaserpentinites of Patten's Ridge (Figure 5) are 
similar in chemistry to the serpentinites ouside the 
aureole, indicating that metamorphism proceeded under 
essentially isochemical conditions. The metaserpentinites 
plot in the F-apex of the ACF diagram indicating that they 
underwent little change in bulk chemistry prior to thermal 
metamorphism.
The only variation observed is with partially
TABLE 5. WHOLE ROCK ANALYSES OF HORNFELSES FROM PATTEN'S RIDGE - LAMEROO
Serpentinites
S-17 S-24 S-9 2.3 C13b HFP-2 GPS-6 GPS-7
SiO 46.83 47.58 48.46 45.73 60.90 63.92 57.30 42.27
TiO .03 .05 .07 .03 .02 .04 .05 .05
Al 0 2 3 Fe 0
Fe$ 3














MnO .09 .09 .15 .09 .12 .06 .11 .07
MgO 42.63 41.90 36.48 43.67 26.97 29.03 27.30 27.89
CaO .03 .07 .37 .05 4.48 .39 1.15 0.00
Na 0 2 - - - - - - - -
K° - - - - - - - -zp _ _ _ _ _
- - - - 1.44 - 4.60 9.26
Total 98.32 99.12 98.12 97.12 99.03 98.69 99.85 98.28
S-17 S-24 S-9 2.3 C13b H f P  - X GPS-6 GPS-7
Ni 3410 2381 1999 2373 2010 2124 2223 2660
Cr 2176 2144 2492 1400 1210 2134 1756 4364
Cu 55 11 319 6 42 31 631 7401
Zn 41 62 70 26 88 211 950
Ga 2 6 10 2 7
V 31 26 118 24 38 54
Rb 2 2 4 1 2
Sr 5 86 2 5 83 6
Zr 2 1 12 42 4 2
Nb 3 3
Pb 11 12 15 10 15 15
Th 8
Y 1 2 5 16 1 2
Sex ̂  a Le, Loc-ĉ f I,*»
Metaaerpentinltes
S-ll S-21 S-19 6PH-3 OG-3 S-20 S-6 S-29 S-3 S-13
SiO 39.30 45.40 39.96 41.26 55.08 47.87 43.19 48.42 48.51 45.91
TiO^ .03 .03 .03 .02 .05 .02 .03 .03 .02 .03
U 2°3 .41 .19 .70 .52 1.68 1.25 1.17 1.02 .31 .56FeO 7.96 6.89 8.88 4.45 4.20 4.41 6.59 3.85 7.21 6.52
Fe? 3 2.05 1.63 0.00 6.62 5.04 1.99 0.68 1.87 1.87
MnO .12 .09 .16 .09 .33 .11 .11 .09 .12 .09
MgO 38.00 41.98 38.48 37.54 29.28 35.81 37.99 42.61 37.73 41.55
CaO - .05 .03 .03 1.67 2.49 .63 .03 4.08 .07
Na 0 - - - - - - - - - -
K 0 - - - - - - - - - -z
P2°5 .12 - .15 .14 .13 .12 .15 - - -
H2° 10.80 10.28 7.50 1.19 4.28 8.40
Total 98.79 96.56 98.67 98.17 98.65 98.35 98.94 97.92 97.98 96.60
Trace Elements (ppm)
Ni 2653 2457 2649 2271 2187 2737 4432 2702 2667
Cr 2700 1641 1931 1985 2600 2300 2034 1506 4300 1854
Cu 50 10 16 23 252 1 75 9 19
Zn 53 98 53 427 26 73 32 53
Ga - n 1 - 1 2 1
V 26 34 32 - - 20 21 27
Rb 2 2 4 2
Sr 2 3 7 7 rJ 2 5 2
Zr 3 2 1 1 2 2
Nb 2 i
Pb 10 9 21 3 4 24 4 5 34
Th O
Y 4 \ 9 2
A
Figure 5. ACF plot of hornfels whole rock chemistry. The
hornfels show a divergence from the normal basalt 
(Vallance, 1967). The mechanism(s) that produced 
this alteration are discussed in the text.
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serpentinized harzburgites, which contain CaO and A l ^ ,  and
is seen in Figure 6. Both the serpentinites and their
metamorphosed counterparts show depletion in these elements 
. . 3 +and an increase in Fe relative to the harzburgites, a 
feature characteristic of the serpentinization process 
(Coleman, 1977 ) .
The presence of up to 4 wt% CaO in some
metaserpentinites is explained by the presence of tremolite, 
which may replace clinopyroxene (cf. Dungan, 1979).
Alternatively, the variations observed in the whole rock 
chemistry in the metaserpentinites may be due to the 
formation of reaction zones similar to that described by 
Ashley (1973a).
All ultramafic hornfelses at Patten's Ridge and Lameroo 
are characterised by high Cr (>2000 ppm) and Ni (>2000 ppm) 
and low (<0.02 wt %) Ti02 values.
3:1:1. Metaserpentinite Chemistry.
The metaserpentinites have been essentially 
isochemically metamorphosed (Ashley, 1973a; Irving and 
Ashley, 1976) and show only slight differences in whole rock 
chemistry to those serpentinites from outside the aureole. 
The major differences are an increase in A1 and Ca in some 
of the metaserpentinites (UG-3, S-20, S-3, S-6 and S—9)
which manifests itself as tremolite or magnesio-hornblende 
in these rocks. The higher Cu and Zn values recorded from
A
Harzburgites
Figure 6. Plot of serpentinites, metaserpentinites and
partially serpentinized harzburgites, recalculated 
to 100% (anhydrous), indicating that the thermal 
metamorphic event was essentially isochemical. 
Harzburgite analyses from Ashley (1973a).
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UG-3 are due to disseminated sulphides.
A second, and less obvious difference is the increase
2+ 2+  ̂|in Fe / (Fe + Fe ) ratio of those rocks within the 
aureole compared to those outside. Although the difference 
is only slight it indicates that the conditions operating 
during the metamorphic event were of a reducing nature.
Sample C-13b, which has higher Si02 and lower MgO and 
FeC>T compared to other rocks is a tremolite-talc rock. 
Sample HFP-2 is a talc + magnetite rock. These rocks, 
although having a markedly different major element chemistry 
have characteristic Cr, Ni and Ti values indicative of an 
ultramafic precursor.
Compared to the metaserpentinites analysed by Irving 
and Ashley (1976) those of this study show relative 
enrichment in A^O^. This is best explained by the presence 
of magnesio-hornblende in those rocks with higher A^O^. 
These may have been derived from a chloritic precursor of 
the type described by Frost (1975) and commonly encountered 
in serpentinites.
(i) Olivine.
Olivine occurs in the metaserpentinites both as relict 
and metamorphic grains, with the metamorphic olivine being 
dominant. The relict olivine occurs as anhedral grains up to 
1 mm in size. These are distinguished from their metamorphic 
counterparts by their lack of magnetite "dusting" and their
TABLE 6. MICBOPROBE MALYSES OF MI8EB1LS FRflM MKTOí
S-20 RELICT OLIVINE S-2 RELICT OLIVINE
SiC)2 40.69 40.25 40.62 40.70 40.87FeO Í0.81 10.54 10.64 8.39 8.35
HnO - 0.53 .54 .45 .31 .42
«gO 47.86 48.50 48.33 49.87 50.23
Total 99.89 99.83 100.04 99.27 99.87
Fo '88 89 89 91 91
Catioos 4 axygen
Si 0.9980 0.9921 0.9995 0.9987 0.9961
Fe 0.2217 0.2173 0.2189 0.1723 0.1703
Mn 0.0110 0.0112 0.0094 0.0065 0.0088
Mg 1.7494 1.7818 1.7726 1.8238 1.8245
Total 2.9801 3.0024 3.0004 3.0018 2.9996
S-2 S-20 S-9 S-9 S-9
SiO2 40.26 42.23 42.69 43.04 42.46
Al 02 3 <0.10 <0.10 . 8o 1.02 1.23FeO 6 5.25 2.98 4.00 4.05 4.13
MgO 40.79 41.16 38.87 37.25 37.28
Total 86.30 86.47 86.44 85.36 85.10
Catioos per 7 oxygen
Si 1.9288 1.9871 2.0001 2.0440 2.0260
Al - - .0485 .0569 .0690
Fe .1949 .1172 .1568 .1608 .1646
Mg 2.9137 2.8865 2.7148 2.6362 2.6517
Total 5.0374 4.9908 4.9202 4.8979 4.9113
S-2 ana S-20 lizardites
S-9 antigerite
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(4) where enstatite occurs with olivine, it is
much larger, even though the olivine-forming 
reaction has been operative for a greater 
time than the equivalent enstatite-forming 
reaction.
The orthopyroxene in the metaserpentinites shows 
partial alteration to talc and anthophyllite (Plate 8).
(iii) Talc
Talc is present throughout the metaserpentinites, and 
occurs in several forms. The most common of these is as 
small (<0.05mm) flakes intergrown with serpentine phases. 
The second is as larger flakes and clots up to 1 mm, which 
are seen to replace phases such as olivine and relict 
orthopyroxene. The third is as massive bodies of either talc 
schist, as at GR 264869, or as talc rock. These massive talc 
bodies are commonly developed near satellite bodies of 
Bogong Granite, and may reflect an increase in fluid flow 
during retrogression. An analysis of this talc rock is given 
in Table 5 (Sample HFP-2).
It contains approximately 4.5 wt. percent FeOT , which 
is represented as magnetite dispersed throughout the rock. 
Limited Fe may also be contained within the talc structure 
(Tromsdorff and Evans, 1972).
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(iv) Serpentine Minerals.
X-ray diffraction analysis confirms lizardite is the 
most commonly developed phase in the metaserpentinite, 
although antigorite and chrysotile also occur.
Lizardite is pseudomorphous after olivine in these 
rocks, forming along fractures in relict olivine and 
complete retrograde pseudomorphs after metamorphic olivine. 
These pseudomorphs comprise between 30-95 vol% of the 
metaserpentinites and commonly show mesh textures (cf. Wicks 
and Whittaker, 1977), with individual lizardite flakes 
attaining sizes of up to 0.05 mm.
Chrysotile occurs as retrograde cross-cutting veins up 
to 3 mm wide which anastomose through the metaserpentinite. 
These veins commonly show magnetite along the central 
parting, the development of which may be related to the 
retrogression of of a more iron-rich olivine.
Antigorite (analyses S-9, Table 6) occurs associated 
with amphibole and olivine, where it occurs as penetrating 
blades up to 0.1 mm. These antigorites contain up to 1.26 
wt.% A120^, indicating that they may have replaced aluminous 
pyroxene.
(v) Chlorite.
Chlorite occurs in the metaserpentinite as small (< 0.5 
mm) pale green to colourless flakes. Optical properties 
indicate that it is a clinochlore.
Plate 8. Relict orthopyroxene being replaced by retrograde 
talc along cleavage planes. Width of field 4mm. Sample No. 
6.4
Plate 9. AlFeMg hornfels, showing retrograde reaction rims 
of chlorite separating pleonaste (black) and olivine (01). 
Width of field 4mm. Sample No. C-27.
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(vi) Opaques Minerals.
Magnetite is an ubiquitous phase throughout the 
metaserpentinites, irrespective of grade or degree of
retrogression. It may constitute up to 10 vol% of any one 
rock, but is generally in the order of 5 percent. It forms 
small xenoblastic grains up to 1 mm in size, and is commonly 
observed as dustings through metamorphic olivines.
Most magnetite within the metaserpentinites represents 
a product of the original serpentinization episode, and 
behaves as a relatively inert phase during prograde 
metamorphism (Frost, 1985). Lesser amounts of magnetite have 
been generated by the retrograde event or post-metamorphic 
serpentinization. This magnetite occurs in the chrysotile 
veins. Similar occurences have been reported by Peacock 
(1987) from rocks in the Trinity ophiolite, California.
Chromite is a relict phase within the 
metaserpentinites, occurring as subhedral grains up to 1.5 
mm in size, and occupying approximately 2 vol percent in 
these rocks. Optically zoned chromite/ferrichromite is also 
observed in these rocks.
3:2. Aluminoferromagnesian Hornfelses
The aluminoferromagnesian hornfels (Al-Fe-Mg hornfels) 
of Patten's Ridge have been studied extensively by Ashley 
(1973a) and Irving and Ashley (1976) who found a diverse
Takl-C 5t». Al-Fe-Mg Hornfelaes
S-31 C-38 C-31 HF-21 C-27 ÜG-11 6.2 6.5 2.2 C-30 C-24 V-12 C-17
Si0„2 34.04 41.04 43.02 36.68 29.66 42.29 51.54 44.73 48.47 28.71 29.81 39.87 41.52TiO2 1.38 .41 .76 .80 .32 .51 .38 .98 .30 .30 .37 1.18 1.06
ftl2®3 19.77 12.59 11.88 13.74 22.57 13.84 15.05 10.80 13.34 20.81 25.28 11.44 13.43
Fe2°3 5.96 7.77 1.33 6.28 3.44 6.36 7.96 0.73 6.33 2.92 2.72 4.24 5.50FeÖ 6.08 7.11 10.03 7.51 13.88 5.14 11.96 0.43 17.58 11.90 9.29 14.22
MnO .18 .30 .19 .27 .33 .24 .11 .15 .14 .26 .32 .00 .43
MgO 28.73 21.12 21.70 22.23 20.29 25.05 11.46 22.33 14.35 20.63 21.96 22.99 16.32
CaO 2.07 8.55 8.63 6.95 .31 4.41 13.40 7.19 15.77 1.74 .31 5.86 5.16
Na 09 - - - - - - - - - - —
4
- - - - - - .85 - - - .20 - .07
P2°5 .23 .25 .19 .23 .23 .08 .06 .08 .11 1.51 .26 .12 .67H,02
'
1.10 - - - 1.60 6.25 .93 .79
Total 98.44 99.14 97.73 94.69 97.13 97.92 100.81 98.95 99.24 96.56 99.38 95.92 99.17
Ni 341 489 1093 568 oCO 378 133 328 889 274
Cr 369 1105 430 700 372 199 1691 617
Cu 17 4 101 27 270 86 9 361 20 9 289
Zn 195 124 97 101 124 1189 34 145 85 133 228
Ga 12 12 10 11 23 20 9 21 33 21 13
V 214 190 115 118 269 90 197 376
Rb 3 4 3 3 4 3
Sr 32 3 17 20 20 15 10 17 58
Zr 35 32 102 39 46 269 124 79 33
Nb 2 3 3 3 3 15 11 5 7
Pb 6 26 9 5 10 4 5 6
Th 3 6 CJ 19 9
Y 9 4 12 10 14 50 16 18 34
Ifao <̂2"V ĉ O A  p p e ^ c À V  A
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range in mineralogy and bulk chemistry for these rocks.
Extensive microprobe analyses from these rocks (this 
study) show subtle variations in mineral chemistry and 
re-adjustment during the metamorphic event.
As the name suggests, these hornfels are composed 
essentially of FeOT , A12C>3, MgO and SiC>2; the four of which 
constitute between 87-95 wt% of any rock. The only other 
element to be present in any appreciable quantity is CaO, 
which can constitute up to 13 wt. percent, but is generally 
less than 8 wt. percent. TiC>2 maY also occur in quantities 
up to 2 wt percent (Table 5).
In hand specimen these rocks are characterised by a 
dark green to black colour and a high specific gravity 
(3.0-3.8). Those rocks containing higher modal spinel have a 
rust-red weathering rind and upon fracturing show decussate 
amphiboles.
The aluminoferromagnesian hornfelses contain a large 
number of phases, including olivine, cordierite, 
anthophyllite, gedrite, magnesio-hornblende, pleonaste, 
hercynite, magnetite, orthopyroxene, phlogopite, a range of 
chlorites and sulphides (Table 3).
Along Patten's Ridge these hornfelses crop out between 
the Bogong Granite and the Coolac Serpentinite, in a belt 
between 10 - 30 metres wide. In the Lameroo section, the 
Al-Fe-Mg hornfelses are more widespread; being developed in 
a belt with calc-silicate hornfelses up to 300 wide. Both 
hornfels types are randomly distributed through the belt,
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and are interpreted as being the products of the one 
alteration episode.
The aluminoferromagnesian hornfelses can be divided 





3:2:1, Amphibole + Spinel + Olivine + Orthopyroxene
Hornfels.
These hornfelses are the most commonly encountered 
variety at Patten's Ridge, and are represented by analyses 
C-38, S-31, C-31, C-27, C-30, V-12 and C-17 (Table 5). These 
hornfelses contain abundant fine-medium grained (0.3 - 4 mm) 
amphiboles, porphyroblasts of green spinel up to 3.5 mm and 
minor xenoblastic to subidioblastic grains of magnetite. 
This association is the characteristic assemblage of this 
subgroup. Olivine occurs in many of these rocks as small to 
medium (0.5 - 3.5 mm) poikiloblasts, containing magnetite, 
amphiboles, less commonly pleonaste, and colourless 
chlorite. Other phases that occur in minor amounts include 
talc, ilmenite, clinopyroxene, apatite, zircon, serpentine
Table 7. Representative Calcic Amnhibole Analyses.
Sample C21 C19 S-9 C-l(a) HF-21 DG13(a) 0G13(b) C-l(b) HF-21
SiO7 40.14 43.98 56.11 49.68 47.57 52.32 54.54 47.01 52.35,
, TiO 2.26 .84 .24 .61 0.93 .25 .18 .91 .71
AIO2 3 14.75 12.62 1.74 4.67 8.67 3.46 2.50 6.36 6.33
Fe 0 2 3 .56 6.68 - 1.37 6.63 5.94 4.35 2.59 3.41FeO 14.40 3.46 2.88 16.45 0.48 2.15 1.72 16.11 2.75
MnO .69 .85 .56 .68 .61 .90 .83 .73 .65
MgO . 10.33 15.84 25.37 11.83 19.08 19.82 21.84 10.53 20.85
CaO 12.40 12.47 11.09 12.26 11.78 12.68 12.19 12.30 11.61
Na 07 2.32 1.60 - .94 .38 .29 .18 1.20 .21
4 1.33 “ - - - -
Total 99.18 98.34 97.99 98.49 96.15 97.81 98.33 97.74 98.87
Cations per 23 oxygens
Si 5.97 6.36 7.67 7.34 6.87 7.42 7.60 7.06 7.26
TiIVAIVIAl3+Fe2+Fe
0.25 0.09 0.02 0.07 0.10 0.03 0.02 0.10 0.07
2.03 1.64 0.28 0.66 1.13 0.58 0.40 0.94 0.74
0.56 0.51 - 0.15 0.35 - 0.01 0.19 0.29
0.06 0.74 - 0.15 0.71 0.69 0.46 0.30 0.37
1.79 0.43 0.33 2.06 0.06 0.28 0.20 2.07 0.33
Mn 0.09 0.10 0.06 0.09 0.07 0.11 0.10 0.09 0.08
Hg 2.29 3.42 5-. 17 2.61 4.11 4.19 4.53 2.36 4.25
Ca 3.98 1.93 1.62 1.92 1.82 1.93 1.82 1.98 1.72
Na 0.67 0.45 - 0.27 0.11 0.08 0.05 0.35 0.06
K 0.26 ” ~
Total 15.95 15.67 15.15 15.32 15.33 15.31 15.39 15.44 15.17
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Figure 7. Plot of selected calcic amphiboles from AlFeMg, 
calc-silicate hornfelses, metaserpentinites, and 
banded amphibolite.
M etaserpentinites AlFeMg Hornfelses
♦ S - 2 0  A S - 2  A S - 9
+ c--19 •  C-1 O HF-21
X c--17 □ UG-13 0 UG-11
Table 8. Representative Orthoamphibole Analyses from AlFeMq and 
Sulphide-bearing Hornfelses.
UG-11 UG-11 C-17 C-17 C-17 C-17
SiO 56.41 51.13 47.08 44.63 44.05 43.90
n o .20 .30 .50 .33 .41 .32
ai o 2.31 5.46 12.37 13.68 16.04 16.092 3
Fe A 3.52 - 1.77 2.11 3.17 2.78
Fef3 1.70 8.48 15.87 15.05 14.53 15.14
HnO .85 .67 .93 .97 .85 .86
MgO 29.21 28.67 18.49 17.85 18.06 17.84
CaO 3.24 3.29 .93 .66 .93 .85
Na 02 “ 1.14 1.41 1.9S 1.84
Total 97.54 97.93 99.08 96.69 99.94 99.62
Cations per 23 Oxygens
Si 7.68 7.38 6.69 6.51 6.18 6.26
Ti .02 .03 .05 .04 .04 .03,IVAl .32 .62 1.31 1.49 1.82 1.74VIAl .05 .31 .76 .86 .99 .993+pe .36 - .19 .23 .33 .262+Fe .19 1.02 1.87 1.82 1.69 1.74
Un .10 .08 .11 .12 .10 .10
«g 5.93 6.17 3.91 3.88 3.78 3.82
Ca .47 ,rd .14 .10 .14 .13
Na - - .32 .40 .52 . .51
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Q C - 2 5 Cord + Ged-*-Opx + Sp + Diasp + Chl
Figure 8. Plot of orthoamphiboles from the AlFeMg hornfels 
at Patten's Ridge.
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phases and rare chromite, the implications of which are 
discussed later.
The variation in amphiboles present indicates a 
difference in initial bulk chemistry. Their presence, in 
decreasing order, being magnesio-hornblende, gedrite, 
actinolitic hornblende and tremolitic hornblende, using the 
classification system of Leake (1978).
3 : 2 :1:1 Petrography
(i) Amphiboles
Amphiboles are the most commonly observed phase in 
these rocks, comprising between 25-75 vol percent. Most 
AlFeMg hornfelses contain magnesio-hornblende as the 
principal amphibole in association with one of a range of 
amphiboles from tremolitic hornblende to tschermakite (Table 
7; Figure 7), similar to those reported by Stille and 
Oberhansi (1987).
The amphibole morphology varies with both the
percentage and type present. In some rocks,magnesio-
hornblende forms small acicular blades penetrating olivine 
or pleonaste (Plate 9), whereas in others it forms large 
grains (up to 3 mm) which form a granoblastic texture.
The development of orthoamphiboles is more restricted, 
occurring in those rocks with little CaO (sample C 24, C 17, 
C-19). Gedrite is the most commonly encountered
Table 9. Representative Pleonaste Analyses.
C-17 C-17 C-17 C-25a C-19 C-19 C-19 HF-21 HF-21 ÜG-11 C-25b
U 2°3 60.11 56.64 60.00 62.45 61.27 61.26 61.39 62.14 62.06 62.82 53.72
Fe2°3 4.34 6.58 3.34 4.87 1.73 0.91 1.89 3.17 2.61 1.86 6.52FeO 23.94 25.96 22.99 14.79 14.62 15.98 17.53 16.36 16.54 11.76 37.03
HgO 11,39 10.52 10.94 17.57 15.91 16.80 15.98 16.55 16.64 19.88 0.66
ZnO 0.25 4.14 4.25 3.63 - - 2.23 -
Total 99.78 99.95 97.27 99.68 97.67 99.26 100.42 98.19 97.85 98.55 99..93 '
Cations per 4 Oxygen
U 3+ 1.90 1.85 1.92 1.92 1.88 1.88 1.89 1.93 1.93 1.90 1.86Fe2+ 0.09 0.13 0.07 0.09 0.04 0.01 0.04 0.06 0.05 0.04 0.16Fe 0.44 0.57 0.57 0.32 0.30 0.31 0.33 0.36 0.36 0.23 0.98
Mg 0.46 0.43 0.44 0.68 0.65 0.60 0.61 0.65 0.65 0.79 0.03
Zn — 0.01 - 0.21 0.21 0.12 - - 0.11 -
Total 2.89 2.99 3.00 3.01 3.08 3.01 2.99 3.00 2.99 3.07 3.03
Ferric iron determined using the method of Droop (1987)
TABLE 10. HETMOBPHIC GLIVIIE MALYSES.
HF-21 C-17 C-17 0G-11 UG-11
SiO 38.88 38.88 38.52 41.23 40.28
FeO* 20.05 19.99 20.25 12.59 12.85
HnO .64 .72 .74 .65 .62
MgO 40.20 40.20 40.35 45.50 46.07
Total 99.97 99.99 100.03 99.97 99.82
Fo 78 78 78 86 86
Cations per 4 oxygen
Si 1.0014 1.0012 0.9941 1.0219 1.0026
Ft 0.4318 0 4307 0.4369 0.2609 0.2674
Mi 0.0141 0 0158 0.0160 0.0141 0.0131
ft 1.5432 1 5430 1.5520 1/811 1.7094
Trial 2.9906 2 9907 2.9990 2/781 2.9925
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orthoamphibole, occurring as rosettes and radiating sheaves 
up to 2 mm in size.
Anthophyllite is less commonly developed, occurring in 
the sulphide-bearing hornfels as individual flakes up to 1.5 
mm in size. Analyses of orthoamphiboles are presented in 
Table 8 and plotted in Figure 8.
The general trend in the amphiboles is to show high 
2 +Mg/(Mg + Fe ), reflecting the high MgO content in the bulk 
chemistry. The variation within the amphiboles is virtually 
restricted to Si content, with the more aluminous hornfels 
generally containing more aluminous amphiboles.
(ii) Spinel (Pleonaste)
The green spinel, pleonaste, is present in these rocks 
in amounts up to 20 vol percent, but is generally in the 
order of 5-10 vol percent. It occurs in several forms, the 
most common being as xenoblastic grains up to 1.5 mm in 
size. These are commonly poikiloblastic, containing acicular 
amphibole and magnetite (Plate 9). It also occurs as small 
xenoblastic grains (up to 0.2 mm). In all rocks in which it 
is associated with olivine, it shows a reaction rim of 
chlorite, which is interpreted as being of a retrograde 
nature.
In several rocks it occurs within large magnesian 
hornblende grains, generally replacing the amphibole along 
cleavage planes. These spinels show no effects of
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retrogression, having been apparently isolated from any 
circulating fluids.
Representative microprobe analyses of pleonastes (Table 
9) show relatively uniform A12C>3 and low Fe2C>3, indicating 
that the precursor was relatively aluminous. Two samples 
with higher Fe2C>3 have correspondingly lower A1203, the Fe^+ 
substituting for A1 in the spinel structure.
Spinels containing minor amounts of zinc (0.25-4.25 wt% 
Zn) are associated with disseminated sulphides, and the 
presence of Zn in the spinels may represent desulphidation 
of sphalerite (Spry and Scott, 1986b). This is discussed 
further in Chapter 6.
(iii) Olivine
Olivine occurs in the aluminoferromagnesian hornfels in 
varying amounts, but is generally no more than 20 vol% of 
any rock. They show 'dustings' of magnetite and granoblastic 
texture. Larger grains ( > 2 mm) are often poikiloblastic,
containing small blades of amphibole (Plate 9).
The chemistry of the olivines from the AlFeMg hornfels 
(Table 10) show that they have lower Fo contents (Fo 77_Q6) 
compared to the relict olivines in the metaserpentinites. 
The metamorphic olivines also contain appreciably more MnO 
relative to the metaserpentinites (.62-.74 vs .31-.53 
respectively).
The variation in Fo content is a reflection of whole
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rock chemistry, with the metaserpentinites having a whole 
rock Mg/(Mg + FeT) in the range of .85-.87 whereas the 
AlFeMg rocks (UG-11, HF-21) have corresponding values of .62 
and .69 respectively.
Tromsdorff and Evans (1972) have determined the order 
of preference for Fe relative to Mg of anthophyllite > 
olivine > antigorite > tremolite > diopside > talc for 
ultramafic rocks from the Bergell tonalite aureole, Italy. 
This preference of olivine for iron may be enhanced by the 
availability of Fe in the rocks, as the 
aluminoferromagnesian hornfels from the study area contain 
appreciably more Fe than their ultramafic counterparts.
(iv) Orthopyroxene.
This phase is not commonly encountered in the
hornfelses from Patten's Ridge. Where observed, it forms 
small xenoblastic grains up to 1 mm in size. An analysis of 
an orthopyroxene (Sample MU 3962, Table II of Irving and 
Ashley, 197 6) show it to have 3.6 wt% A^O^. This value is 
similar to orthopyroxene from the Coolac Serpentinite 
(Ashley, 1973a). The implications of the high A1 content of 
orthopyroxene in these hornfels is discussed in Chapter 6.
(v) Magnetite/Ferrichromite
Magnetite occurs throughout these hornfelses as small
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(<0.50mm) anhedral grains. The presence of ferrichromite in 
some of these hornfelses (samples V-12, C-17, HF-21 and
UG-11) indicate that the may have been derived from 
chloritic blackwall rocks, similar to those described by 
Ashley (1973a; Frost, 1975; and Irving and Ashley, 1976).
3:2:2. Cordierite-bearing Hornfels
The cordierite-bearing rocks at Patten's Ridge consist 
of the assemblage cordierite + gedrite + pleonaste + 
orthopyroxene + chlorite, with accessory talc, phlogopite, 
magnetite, diaspore, hercynite, apatite, and zircon. 
The large number of phases (10) indicate a high degree of 
metastability, the implications of which are discussed in 
Chapter 6. The rocks at Patten's Ridge have been reported 
previously by Irving (1967), Ashley (1973a), and Irving and 
Ashley (197 6) .
Whole rock analysis of this rock (Sample C-24) reveals 
extreme SiC>2 depletion (29.81 wt %) and high A12C>3 (25.28 wt 
percent). This is reflected in the widespread development of 
chlorite and pleonaste. Accessory phlogopite is stabilized 
by the presence of minor K20 (0.20 wt %). Individual mineral 
analyses are presented in Table 11.
(a) Cordierite.
The most outstanding feature of these rocks in outcrop
TABLE 11. HIKERAL ANALYSES from CORDIERITE-GEDRITE HORNFELS.
Mineral Card Card Card Opx Opx Anph Anph Chi Chi Chi Chi
SiO 49.54 49.93 49.68 52.14 51.62 49.47 50.01 28.42 28.43 27.19 26.54
il,0, 2 3 34.02 34.19 33.98 4.80 5.56 10.07 10.18 23.24 21.33 23.99 24.68Fe 0 
Fe? 3
- - - 2.88 1.82 3.76 3.69 - - - -
4.05 2.48 2.48 8.52 9.19 7.82 7.74 8.27 6.35 8.24 8.32
HgO 11.42 12.89 13.03 29.89 29.13 24.% 24.78 29.38 30.84 28.52 27.61
CaO “ .13
Total 99.03 99.49 99.17 98.23 97.32 96.08 • 96.40 89.31 86.95 87.94 87.15
Fê Ô  determined using the method of Droop (1987)




4.9390 4.9303 4.9186 1.8654 1.5890 6.8677 6.9021 5.3104 5.4595 5.1740 5.0892
.0610 .0697 .0814 - - 1.1323 1.0979 2.68% 2.5405 2.8260 2.9108
3.9375 3.9094 3.8840 .2022 .2360 .5519 .5531 2.4271 2.0542 2.6327 2.7265
- - - .0670 .0490 .3371 .3324 - - - -
.3380 .2041 .2050 .2532 .2754 .8728 .8629 1.2916 1.0186 1.3057 1.3306
Mg 1.6%7 1.8967 1.9224 2.5938 1.5634 5.1648 5.1592 8.1812 8.8136 8.0667 7.8756
Total 10.9722 11.0102 11.0114 3.9916 3.9828 14.8906 14.9076 19.8999 19.8864 20.0051 19.9327
Table 12- Representative Chlorite Analyses.
LGO-6a LGO-6b C-2Sa C-25b C-25c HF-21 0G-13a UG-13b UG-13c DG-lla OG-llb
SiO 31.33 29.27 27.19 28.42 28.43 30.37 30.84 28.82 29.59 29.41 30.72
TiÔ .31 .19 .31 .20 .32 .21 .20 .10 .24 .23 .25
Al 3 16.57 19.42 23.99 22.04 21.33 17.83 16.65 19.04 17.93 20.49 18.52
Fe? 14.52 6.72 8.24 6.77 6.35 5.18 4.59 6.93 12.84 3.01 9.32TKnO .87 .61 .51 .47 .52 .50 .57 .52 .93 .47 .44
MgO 24.62 31.75 28.52 29.38 30.84 32.83 33.75 31.57 26.17 32.86 34.80
Total 83,20 £8.96 88.76 88.98 87.79 86.92 86.61 87.98 87.69 86.97 87.30
Cations per 28 Oxygen
Si 6.157 5.586 5.176 5.328 5.489 5.811 5.912 5.690 5.841 5.532 5.815,IVAl 1.843 2.414 2.824 2.672 2.511 2.189 2.088 2.310 2.159 2.468 2.185VIAl 1.839 1.955 2.558 2.463 2.115 1.831 1.674 1.972 1.989 2.154 1.837
Ti .046 .027 .046 .029 .046 .030 .029 .015 .035 .033 .022
Fe 2.402 1.072 1.311 1.2% 1.026 .829 .736 1.105 2.120 .482 .399
Kn .146 .098 .082 .074 .085 .081 .093 .083 .115 .077 .071
Mg 7.251 9.033 8.092 8.210 8.870 9.359 9.643 8.975 7.702 9.375 9.820
Total 19.684 20.185 20.089 20.072 20.142 20.130 20.175 20.150 20.001 20.121 20.149
LGO-6 Gross + Chi + py 
C-25 Cord + Ged - Sp + Chi + 0; < + Ht
HF-21 Diop + Sp + Chi + Jit + PI; ; + Mg-hbl
UG-li Antbo + Mg-; bl + Chi + Sul jh
DG-11 01 + Sp + -bbl ♦ Chi + S llpb
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is the striking presence of large cordierite porphyroblasts 
up to 15mm in diameter, which appear like eyes in a dark 
green matrix. In thin section, these porphyroblasts occupy 
up to 25 vol. percent and commonly show sector twinning and 
partial alteration to chlorite.
Analyses of the cordierite show them to be remarkably 
uniform in chemistry (Table 11), with only minor variations 
in Mg and Fe, and almost constant Al^O^ and SiC^. The 
cordierite porphyroblasts contain inclusions of apatite up 
to 0.4 mm in size which range in colour from pale blue to 
mauve to pink.
(b) Gedrite
The orthoamphibole gedrite occurs as radiating sheaves 
up to 2 mm long, showing undulose extinction. They 
constitute between 10-15 vol% of the rock and show partial 
retrogression to talc and chlorite. Analyses of the gedrite 
show them to contain appreciable A12°3 wt.%) which may
substitute for Si.
(c) Orthopyroxene
The orthopyroxene in these rocks constitutes between 
5-10 vol% and occurs as small (up to 1 mm) xenoblastic 
grains showing partial replacement by chlorite and talc.
The orthopyroxene forms small individual subrounded grains
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ramdomly scattered throughout the rock.
Microprobe analyses of these orthopyroxenes (Table 11)
show them to be bronzites, with a composition close to Enon.
y u
They also show high A 1 2° 3 values (4.80-5.56 wt%) , the 
implications of which are discussed in greater detail in 
Chapter 6.
(d) Pleonaste
The green spinel (pleonaste) is widespread in the 
cordierite-gedrite hornfels, constituting approximately 10 
vol percent. These grains are xenoblastic and are up to 1.5 
mm in size.
Microprobe analyses (Table 9, Sample C-25) of these 
pleonastes show them to have higher Al^O^ (62-45 wt%) and 
MgO (17.57 wt%) compared to other pleonastes. This chemical 
pattern may be attributed to the A1 content of the host 
rock.
The pleonaste grains show dustings of magnetite and are 
commonly partially to totally altered to diaspore + chlorite 
+ magnetite. Hercynite is less common as a retrograde 
product, but where developed it forms a rim between the 
pleonaste and chlorite. An analysis of hercynite is given in 
Table 9 (Sample C-25b), which shows it to be virtually 
stoichiometric FeA^C^.
Thuringite Chamosite Deless i t e
• LG 0  -  6 Gross  + C h l + Py
A U G -  1 1 Ol + S p + M g - h b l  + A n th o  + Chl + Sulph
□ UG -  13c M g - h b l  + Chl + Sulph
A C 2 5 C ord  + Ged + O px  + Sp + D iasp  + Chl
o C H9 M g - h b l  + OI + Sp + Chl + Su lph
♦ H F  21 Diop + Sp +OI + Plag + Chl
. Plot of chlorites using the method of Hey (1954) 
from AlFeMg hornfels and sulphide-bearing hornfels.
Figure 5)
Plate 10. Cordierite-gedrite hornfels, showing reaction rims 
around pleonaste (black) and magnetite along (001) cleavage 
in chlorite (lower centre). Sample No. C-25. Width of field 
4mm.
Plate 11. Pyrite (Py) and grossular (Gn) in chlorite matrix 
developed in the hornfels around the Goobarragandra Mine. 
Width of field 1.3 mm. Sample No. LGO-6.
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(e) Chlorite
Chlorite is the most widely developed phase in these 
rocks, constituting up to 60 vol. percent in some samples. 
Analyses of these chlorites (Table 12) show them to be 
sheridanite (Figure 9).
The grainsize of this sheridanite varies between 
0.1-2.5 mm, with a majority being < 0.2 mm. The chlorite is 
of a retrograde nature, replacing all phases to varying 
degrees (Plate 10). The larger flakes of chlorite contain 
magnetite fillings along (001).
Comparison of Mg/(Mg + Fe) ratios from cordierite and 
orthopyroxene with their retrograde chlorite counterparts 
show them to be very similar (.90 and .85 respectively). 
This may possibly indicate that no mobilization of Mg or Fe 
took place during the retrograde event.
(f) Diaspore
Diaspore (determined by XRD) occurs as blocky 
aggregates partially to fully replacing pleonaste. Magnetite 
is associated with the retrograde production of diaspore, 
and the two are commonly observed mixed together. This 




These hornfelses are similar to the amphibole + spinel 
+ olivine hornfelses, but are far less extensive, occurring 
only at the Goobarragandra Mine. The principal silicate 
phases in these hornfelses are magnesio-hornblende,
chlorite, spinel, anthophyllite, garnet and olivine. The 
major sulphide phases are pyrrhotite, pyrite and
chalcopyrite, with minor sphalerite and rare cubanite.
In the rocks consisting of greater than 20% sulphides, 
olivine and spinel are absent, being replaced by chlorite 
and amphibole. The amphiboles and chlorite are intimately 
intergrown with the sulphides indicating that the two 
equilibrated during the prograde event.
3:2:3:1 Petrography
(a) Amphiboles
The most abundant amphibole in the sulphide-bearing 
hornfelses is magnesio-hornblende (determined by 
microprobe), which occurs as blades up to 1.5 mm in size. 
These blades are commonly intergrown with the sulphides and 
their occurrence is probably explained by the CaO content of 
the analysed rocks (Samples UG-11, UG-3). Anthophyllite is 
also observed in these rocks, where it occurs as individual 














.30  .40  .50  .60
# Amphiboles without sulphides
a  Amphiboles with Disseminated sulphides
□ Amphiboles with Massive sulphides
Figure 10. Mg/Fe^ - Mg/Si plot of amphiboles from the
different hornfels showing the influence of the 
sulphides upon mineral chemistry.
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presence is restricted to those rocks with greater than 20 
vol percent sulphides.
A plot of of amphiboles from sulphide and non-sulphide 
bearing hornfels (Figure 10) shows the effect of the 
sulphides upon the amphibole chemistry. The amphiboles plot 
as three distinct fields, dependent upon the percentage of 
sulphides present. This trend of increased Mg/(Mg + Fe) 
values is similar to that reported by Froese (1969) and 
Beyers (1969) from the Coronation Mine in Saskatchewan, and 
Craig and Gilbert (1974) from Ducktown, Tennessee.
The rocks containing the highest proportion of 
sulphides show the highest Mg/(Mg + Fe) amphibole values, 
indicating that sulphidation of the amphiboles may have 
occurred according to the general reaction:
(Mg5Fe2)Sig022(OH)2 + S2
= Mg7Sig022(OH)2 + 2FeS
This reaction may have occurred for the evolution of 
the anthophyllite, which is only observed enclosed in 
sulphides.
The substitution of Ca and A1 into the amphiboles and 
their complex chemistry do not allow an unequivocal 
statement to be made concerning their evolution, but a 
statement is that an increase in sulphide content in 
the rock will lead to an increase in the amphibole Mg/(Mg +
TABLE 13.
GASSET and CLIBOZOISITE MALYSES fren 
G00BARBA6ABI&A EBE
LGO-6 C-21a C-21b
SiO0 38.09 37.74 38.45
Al 0 2 3 FeO
19.06 27.87 28.74
4.23 5.94 4.55
MnO .72 .58 .52
CaO 36.97 23.71 23.12
Total 99.07 95.84 95.48
Cations per 12 oxygen Cations per 13 oxygen
Si 2.9490 3.1110 3.2133
Al 1.7393 2.5332 2.5848
Fe 0.2737 0.4132 0.2905
Mn 0.0474 0.0440 0.0394
Ca 3.0551 2.0610 2.0479
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^ 24 , 2+  ̂3t Fe /Fe + Fe ’ -36 .35 .77 .73 .50 .18 .52 .39 .43 .80 .70 .54 .07 .27
Baratela Type - AlFeiig öarnfels
Sa«çile Bo. C-24 S31 C38 C31 HF-21 C.27 DG-11 6.5 2.2 C.30 Y.12 C.17
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Chlorite is developed in the more massive 
sulphide-bearing hornfels (> 20 vol%) as small colourless
flakes up to 0.5 mm in size. It comprises up to 60% in some 
rocks and is clinochlore (samples UG-11 and UG-13, Figure 
9) .
(c) Spinel
The spinel in the sulphide-bearing hornfels is 
chemically distinct from those in other Al-Fe-Mg hornfels 
in that it contains up to 4.5 vol% Zn (Samples C-17, C-19 &
UG-11, Table 9). It only occurs in rocks in which the 
sulphide content is less than 10 % and where the sulphides 
occur as veins. In these rocks it occurs as xenoblastic 
grains, often poikiloblastic, up to 1.5 mm in size.
Chemically, these zinc-bearing pleonastes have slightly 
lower FeO/MgO ratios, indicating that Zn may preferentially 
replace Fe2+ in the spinel structure (Blaxland, 1971).
(d) Olivine
Olivine occurs in the sulphide-bearing hornfels with 
less than 10 vol % sulphides as xenoblastic grains up to 2
Plate 12. Epidotised metabasalt showing development of 
garnets (black) from 1km south of Patten's Ridge. Width of 
field 4mm. Sample No. V-7
Plate 13. Granoblastic texture in pyrrhotite (Po) from 
Goobarragandra Mine, showing minor replacement by marcasite 
(FeS2) along some fractures and grain boundaries. Width of 




The occurrence of Ca-garnet (grossular) associated with 
sulphides + chlorite is unusual. The garnet occurs as 
idioblastic grains up to 1mm in size, with pyrite occurring 
interstitial to them (Plate 11). Microprobe analysis of this 
garnet shows it to have a composition Gr^0AngSp2 (Sample 
LGO-6, Table 13). The occurrence of grossular in ultramafic 
and mafic rocks is not uncommon (Peters, 1965), indeed 
garnetiferous epidotised metabasalt has been observed 1 km 
to the. south of the Goobarragandra Mine (Plate 12). The 
occurrence within the sulphide-bearing hornfels may 
represent the product of low temperature reaction zone 
metasomatism (Ashley, 1973a,b; Irving and Ashley, 1976) on a 
local scale.
3:2:3:2. Sulphide Petrography.
The mineralogy of the sulphide-bearing hornfels is 
relatively simple, being dominated by the Fe-sulphides 
pyrrhotite and pyrite, with chalcopyrite being locally 
abundant. Other phases include minor sphalerite (< 5 vol%), 
marcasite and rare cubanite and bornite. A detailed list of 
phases from this and other small sulphide deposits in the 
Coolac ophiolite is given by Ashley (1973a).
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The sulphides at Goobarragandra occur as disseminations 
and veins which grade into massive sulphide rocks. Pyrite is 
associated with pyrrhotite + chalcopyrite in the massive 
sulphide rocks but not in the veins. Minor post-metamorphic 
alteration of the sulphides has led to the development of 
minor magnetite in the areas of massive sulphide.
(i) Pyrrhotite.
Pyrrhotite is the most abundant sulphide in these 
rocks, constituting up to 50 vol percent. In the more 
massive areas it shows well developed polygonal texture 
(Plate 13). The pyrrhotite in these hornfels is essentially 
monoclinic (determined by XRD) although some hexagonal 
pyrrhotite persists. A ratio of 4:1 (mono:hex) has been 
determined by Ashley (1973a).
Pyrrhotite also occurs as rims on chalcopyrite in areas 
of massive sulphide (Plate 14), and may represent the 
sulphidation of silicates during the metamorphic event 
(Kullerud and Yoder, 1964; Popp et al 1977; Bryndzia and 
Scott, 19 87) . This process may account for the observed 
amphibole chemistry discussed previously.
(ii) Pyrite.
Pyrite occurs as small euhedra (Plate 15) up to 1 mm 
in size and less commonly as massive areas showing
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fracturing and infilling by chalcopyrite (Plate 16). The 
large areas are commonly associated with pyrrhotite and 
chalcopyrite, with minor magnetite also being developed.
Pyrite locally occupies up to 50 vol percent, but is 
generally in the range of 10-20 vol percent.
The status of the pyrite in these rocks is placed as 
relict due to the presence of extensive fracturing, 
interpreted as having been incurred during emplacement, and 
the subsequent infilling by chalcopyrite during the thermal 
metamorphic episode.
(iii) Chalcopyrite.
Chalcopyrite occurs in these hornfels as veins, 
infillings around fractured pyrite and as massive 
monominerallic areas. These massive areas show a weak 
granoblastic texture and annealling twinning, indicating 
that it was present prior to metamorphism (Plate 17).
Chalcopyrite appears to be the sulphide most affected 
by the metamorphic event, producing intimate intergrowths 
with chlorite and amphiboles (Plate 18). Chalcopyrite, where 
abundant, shows development of rare cubanite exsolution 
lamellae.
(iv) Sphalerite.
Sphalerite occurs in these hornfels as small porous
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bodies within chalcopyrite (Plates 19 & 20). It occupies
between 2-5 vol percent and appears sponge-like. It is 
identified by its strong red internal reflections.
(v) Other Phases.
Maracasite.
Marcasite (FeS^) occurs as an alteration product after 
pyrrhotite, and replaces it both along crystallographic 
directions (Plate 21) and along fractures. The development 
of marcasite represents sopergene alteration of pyrrhotite.
Magnetite.
Magnetite occurs with the sulphides as xenoblastic to 
idioblastic grains up to 1.5 mm and occasionally as larger 
masses up to 20mm. These larger masses are somewhat unusual 
in that they contain small "blebs" of chalcopyrite (Plate 
22) and small cross-cutting veins of pyrite. This is not 
easily explained by increasing oxygen fugacity during 
retrograde metamorphism (or post-metamorphism) as most other 
sulphides are unaltered and oxidation ratios of the silicate 
phases show no increase (Table 14).
The magnetite present with the sulphides is interpreted 
as a prograde phase as it appears to be in equilibrium with 
chalcopyrite and pyrite (Ashley, 1973a).
Plate 14. Rim of metamorphic recrystallised pyrrhotite (Po) 
on chalcopyrite (Cp). Width of field 1.3 mm. Sample No. 
UG-7 .
Plate 15. Pyrite euhedra (Py) in chalcopyrite (Cp) with 
minor magnetite (pale grey). Width of field 1.3 mm. Sample
No. UG-8b.
Plate 17. Annealling twinning in chalcopyrite, indicating 
that the chalcopyrite was present prior to metamorphism. 
Width of field 1.3 mm. Sample No. UG-13a.
Plate 16. Fractured pyrite euhedra with infilling c 
chalcopyrite. Sample No. LG0-5d. Width of field 1.3 mm.
Plate 18. Intimate intergrowths of chalcopyrite (Cp) and 
silicate phases (magnesio-hornblende (hbl) and chlorite 
(chi)), evidence of equilibration between sulphides and 
silicates during metamorphism. Width of field 
1.3 mm. Sample No. UG-2a.
Plate 19. Sphalerite (Sp) infilling voids between 





Crystallographically preferred replacement of 
(Po) by marcasite (grey). Width of field 0.2 mm. 
UG-13b.
Plate 20. Porous sphalerite (mid grey) with chalcopyrite and 
silicates. Width of field 1.3 mm. Sample No. UG-9.
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magnetite.
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Plate 23. Epidote (Ep) 
Calc-silicate hornfels,









The calc-silicate hornfelses of the study area, like 
the aluminoferromagnesian hornfelses are represented by a 
diverse range of mineralogically and chemically distinct 
rocks which occur both inside and outside the aureole of the 
Bogong Granite. The rock types and their distribution may 
represent various alteration processes which is reflected in 
their whole rock chemistries (Table 5). Three subdivisions 
can be determined on petrographic grounds, these being:
(a) massive qtz + plag + epid rocks which occur 
at Lameroo (Samples HF-12, HF-14),
(b) massive diopside + amphibole rock found at 
Lameroo and which may equate to the 
Honeysuckle Metabasalt (Samples HF-7, HF-18, 
HF-19, HF-20, C-36), and
(c) banded calc-silicate rock found predominantly 
at Patten's Ridge, but also at Lameroo 
(Samples 6 .6A, C-20, C-2, QFG-1).
3:3:1. Massive Quartz + Plagioclase Rock.
These rocks are of limited areal extent, occurring as 
blocky outcrops at GR 242896. They are composed essentially 
of quartz and plagioclase, with minor epidote (Plate 23).
Quartz is the major mineral, constituting between 60-80
T A ^ l-£ .S c . Calc-Silicate horafels
6.6k HF-7 HF-20 HF-18 HF-19 HBL-1 C-13 C-20 C-2
SiO 44.04 42.49 42.39 45.98 45.76 54.71 59.61 45.73 38.51
TiÔ 1.55 .53 .34 .34 2.15 .32 .04 1.38 1.81
U2h
F62°3
15.28 20.76 17.96 16.68 11.71 14.74 1.20 14.64 22.36
4.53 5.34 4.70 3.69 2.02 1.78 3.94 3.97 9.11
Fe$ 3 5.77 1.54 1.62 4.01 13.24 5.98 - 5.73 1.14
MnO .22 .10 .12 .16 .22 .11 .13 .26 .15
MgO 7.30 6.63 9.17 9.94 7.35 8.41 24.62 7.98 2.22
CaO 17.02 21.73 21.01 14.88 10.44 10.26 11.28 16.12 21.76
Na 0 - - - - -
4 .70 - - .18 .35 .35 - .60 -
P2°5
«2°
.32 .29 .12 .09 .66 .05 - .30 .49
“ - - 2.00 .40
Total 96.73 99.41 97.43 95.95 91.90 96.71 100.82 97.11 97.55
Ni 264 88 376 156 55 1665 200 119
Cr 60 149 365 1577 348 279
Cu 33 6 31 11 10 29 341 762
Zn 188 28 41 55 101 47 182 48
Ga 14 17 10 11 16 20 31
V 183 89 100 378 14 167 168
Rb 29 6 10 7 18 3
Sr 352 179 210 599 318 13 420 1568
Zr 114 54 30 42 190 105 170
Nb 9 4 17 9 11
Pb 5 7 9 3 10 8 12
Th 6 6
Y 23 15 11 8 39 21 31
S L o  ̂ (.¿JVC ^ A  f> «it* 4
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vol percent, with plagioclase occupying most of the 
remainder (20-40 vol%). These rocks are equigranular, with 
an average grainsize of 1 mm. Quartz shows strong undulose 
extinction whereas plagioclase shows albite twinning and has 
a composition of An^Q.
Analyses of these rocks (HF-12, HF-14, Table 5) show 
high SiC>2 (67-91 wt%) which is reflected in the development 
of quartz as the major phase, low MgO and FeO and variable 
Al^O^/ the A1 content decreasing dramatically with 
increasing SiC^. The reported analyses of plagiogranites 
from the Coolac ophiolite (Ashley et al 1983) are different 
to those reported here. However, the paucity of data do not 
allow an unequivocal interpretation to be made.
3:3:2. Massive Diopside + Amphibole Hornfelses.
This rock type crops out as a "sheet" between two 
slivers of serpentinite from GR 248888 to GR 238898 (see 
Figure 2). The mineralogy of these rocks is diopside + 
amphibole + plagioclase + magnetite + chlorite + spinel, 
with diopside being the dominant phase in most rocks.
These rocks are underlain for the most part by the 
Bogong Granite. This is evidenced by the presence of granite 
300m from its western contact with the Coolac Serpentinite 
and the development of the metamorphic assemblage diopside + 
spinel (see Chapter 4 for discussion).
3:3:2:1. Petrography.
(a) Diopside
Diopside is the most commonly encountered phase in 
these rocks, constituting up to 80 vol% in some cases. It 
occurs as xenoblastic grains up to 2.5 mm in size and 
commonly shows inclusions of magnetite, similar to those in 
olivines from the AlFeMg hornfels and metaserpentinites.
Former diopside euhedra, interpreted as relict from a 
mafic precursor, are commonly preserved, being psuedomorphed 
by chlorite + magnetite + amphibole. These pseudomorphs 
commonly have clear overgrowths of metamorphic diopside.
(b) Plagioclase.
Plagioclase occurs in these rocks as both subhedral 
grains (up to 2 .5mm) and as smaller xenoblastic grains up to 
1mm in size. The coarser grains have a composition in the 
range An,, show ubiquitous partial alteration to
clinozoisite, and occupy 5-10 vol percent of the rocks in 
which they occur. These features indicate that these are 
probably a relict phase.
The smaller xenoblastic grains on the other hand, 
occupy up to 20 vol percent and have a composition of An-̂ .̂
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(iii) Amphibole.
The amphiboles in these rocks occur as subidioblastic 
to xenoblastic grains up to 1 .5mm in size and occupy up to 
10 vol percent. They are pleochroic from pale green to pale 
brown, with X= pale green, Y=Z= pale brown.
(iv) Spinel.
Pleonaste occurs only sparingly in these rocks, 
occupying no more than 2 vol percent. It occurs as small
xenoblastic grains up to 0.5mm in size, and is commonly
associated with diopside and magnetite.
(v) Magnetite.
Magnetite in these rocks occurs as fine (< 0.1mm) 
grained inclusions in diopside and spinel, and as coarser 
(up to 1mm) grains scattered evenly throughout the rock. It 
occupies approximately 3 vol percent.
These calc-silicate rocks from Lameroo appear to have 
undergone variable alteration prior to thermal metamorphism 
Qg evidenced by the preservation of relict plagioclase in 
some rocks. The major chemical features in these rocks
compared to the unaltered Honeysuckle Metabasalts reported 
by Basden (1986) are increases in CaO and -̂i2^3 ' and
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decreases in SiC>2, Na20, and K20) , whereas MgO and FeOT show 
no systematic variation with the degree of alteration.
The only observable difference is that rocks with the 
lowest SiC>2 and FeC>T (HF-7, HF-20) have correspondingly
higher CaO and A12C>2 (Figure 11) .
Comparison of the trace element data show similar Cr, 
Ni, V, TiC>2, Zr and Y, indicating a basaltic precursor for 
these rocks.
3:3:3. Banded Calc-Silicate Rock.
These rocks occur mainly at Patten's Ridge, although a 
small outcrop occurs at Lameroo at GR 245891. In outcrop 
these rocks have a distinctive layering on a scale of 
millimetres being pink to pale green in colour with dark 
green amphibole bands. These dark green bands show 
"boudinage" structures in hand specimen. These rocks have 
been described previously by Ashley (1973a) and Irving and 
Ashley (1976). They are associated with regionally 
metamorphosed amphibolites and guartzites at Patten s Ridge 
and Beaverbrook.
Petrographically, these rocks are comprised of diopside 
+ ferroan pargasite (determined by microprobe) + plagioclase 
+ clinozoisite + sphene + garnet + prehnite + vesuvianite + 
guartz. Monominerallic layers of diopside and pargasite 
dominate this rock, with plagioclase occurring between these 
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Figure 11. Alteration trends in calc silicate hornfels,
from Patten's Ridge and Lameroo. Samples MU 3969, 
MU 3865 and MU 3893 (circles) from Irving and 
Ashley (1976).
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garnet + prehnite + vesuvianite occur sporadically 
throughout these rocks. Where these veins occur, plagioclase 




Diopside is present in these rocks as xenoblastic 
grains up to 1 mm in size, and forms pale green 
monominerallic layers up to 4mm wide. Microprobe analyses of 
these diopsides show them to be salites (Sample C-l, Table 
15, Figure 12). The clinopyroxenes are compared to those 
developed in the AlFeMg hornfels from Lameroo (Sample 
HF-21), and show only minor differences in composition. The 
clinopyroxenes in the banded rocks show alteration to 
chlorite in the vicinity of the cross-cutting veins.
(ii) Amphibole.
The amphibole, ferroan pargasite (determined by probe) 
constitutes between 10-60 vol percent of these rocks, 
occurring as xenoblastic grains up to 1.5mm in size. They 
also occur as monominerallic layers up to 4mm wide, and in 
hand specimen occur as distinctive dark green bands. These 
pargasites show a uniform chemistry between grains and also
5 0
a HF-21 Diop + Sp + Ol + Plag + Mg-hbl + Mt + Chi hornfels
•  C-1 Hbl + Plag + Diop + Qtz + dm + Mt amphibolite
Figure 12. Plot of diopsides from AlFoMg hornfeis and banded 
. amph 1 bo1 1 1 e .
TUKT-K 15. HKTMCBPHIC CLUOPYBaim MBLYSZS.
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Ferric iron determined using the te hmgue of Droop (1987).
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define the foliation in these rocks, as seen in Plate 24.
(iii) Plagioclase.
Plagioclase occurs in these rocks as xenoblastic 
grains up to 1 mm in size, and constitutes between 1 0 - 2 0 vol 
percent of any sample. It forms narrow (~2mm) wide layers 
which appear as pale bands in hand specimen. The plagioclase
has a composition of An,« c . 32-35 In areas proximal to the
cross-cutting veins plagioclase is extensively altered to
fine grained clinozoisite.
In areas away from these veins, plagioclase is commonly 
observed with small (up to 0 . 2 mm) grains of quartz which 
constitute no more than 2 vol percent of the rock.
(iv) Clinozoisite.
Clinozoisite is widely developed in these rocks and 
appears to be associated principally with cross-cutting 
veins. It is present as an alteration product after 
plagioclase (Table 13) and within these veins forms
idioblastic grains up to 1mm in size. These grains are 
commonly in the central portions of the veins and are set in 
a matrix of prehnite + vesuvianite, similar to that reported 
by Golding and Ray (1975).
In rock C-2, clinozoisite is the major phase,
constituting up to 90 vol% of the rock, and even though it
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replaces the original mineralogy, the layering is retained 
(Plate 25) .
(v) Sphene.
Sphene occurs in these rocks as idioblasts up to 0.5mm 
long and may constitute upwards of 3 vol percent of the rock 
(Sample C-2). The occurrence of sphene tends to increase 
with the degree of alteration, being more common in rock C-2 
(clinozoisite + pargasite + sphene rock). Sphene is also 
observed as rims on ilmenite in less altered rocks, and may 
reflect increasing silica activity and/or decreasing fQ2 
(Haggerty, 1982) . Pargasite is also observed to break down 
to sphene + clinozoisite in the more altered rocks.
(vi) Garnet.
Garnet is also associated with the cross-cutting veins, 
occurring at the edges of the veins. They tend to be 
subidioblastic, are up to 1 .5mm in size and may be of a 
retrograde nature. This is because they are not developed in 
the rock matrix.
3:4. Other Hornfels Types.
As well as the development of the three major groups of 
hornfels in the aureole of the Bogong Granite, several other
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hornfels types have been produced.
The presence of orthoclase-bearing hornfels, consisting 
of large interlocking crystals of orthoclase and 
interstitial prehnite cropping out along Patten's Ridge at 
GR 262873 on the edge of a small granite satellite are 
unusual. Similar rocks have been reported from further north 
of the study area by Ashley (pers. comm.). In hand specimen, 
the rock is composed of small crystals of orthoclase up to 3 
mm in size, and is white in colour (Plate 26). Analyses of 
these rocks are given in Table 5 (Samples 6.1, KFS-1 and 
C-15).
The K^O values of these rocks range between 6.8-13 wt. 
percent. The Zr, Y, Nb and Th values of these rocks (Table 
5 ) indicate that these rocks were not evolved from a 
late-stage magmatic event or a low temperature metasomatic 
event similar to that described by Leblanc and Lbouabi 
(1988).
The presence of ultrapotassic rocks tends to be 
restricted to stable cratonic areas and not to areas 
associated with basic magmatism (Carr, pers. comm.). The 
origin of the potassic rocks found at Patten's Ridge is 
problematical as they show higher Zr values (250-300ppm) 
than the surrounding Coolac Serpentinite and Honeysuckle 
Metabasic Igneous Complex.
rp]̂ j_g may indicate that these rocks are unrelated to any 
alteration event involving the basaltic unit of the 
ophiolite. The possibility that these rocks may represent
Tfrsie S  <à ,
Other Hornfels in thè Boqonq Granite aureole.
C-15 KFS-1 6.1 C-28a C-28b C-28c
SiO 61.19 55.25 60.41 74.54 66.11 68.70
TiO .51 .37 .55 .28 .61 .66
ai é2 3 FeO
18.72 19.69 18.23 14.27 14.73 15.31
1.03 1.23 .92 2.38 9.44 5.73
MnO .05 .07 .05 .04 - -
MgO 1.31 2.57 1.45 .33 .22 .08
CaO 5.26 15.18 4.44 .46 .65 .89
Na 0 - - - 7.90 6.90 7.44
zK ° 12.53 6.82 13.09 - .08 .09z
P2°5 .02 .08 * .14 .25 .14
Total 100.64 101.26 99.14 100.34 98.99 99.04
Ni 115 100 86
Cr 38 17 81 51 60
Cu 910 12 4 6 7 4
Zn 9 11 3
Ga 14 16 29 12 16 17
V 22 102 46
Rb 444 235 3 2
Sr 125 48 36 93 61 76
Zr 300 251 10 175 180 178
Nb 16 15 14 14 13
Pb 19 10 6
Th 24 22 3 17 13 11
Y 37 42 2 17 23 19
.5^0 f5> Ì O C jO I  K à  A s C A Jk*' <A
Plate 24. Foliated diopside (diop) + clinozoisite (Cliz) in 
chlorite, banded calc-silicate rock, Patten's Ridge. Width 
of field 4mm. Sample No. 6.6
Plate 25. Foliated amphibole 
calc-silicate rock, Patten's 
Sample No. C-20.
(ferroan pargasite) in banded 
Ridge. Width of field 4mm.
Plate 26. Orthoclase(Or)-prehnite(Pr) hornfels, Patten's 
Ridge. The orthoclase crystal showing simple twinning. Width 
of field 4mm. Sample No. C-15.
Plate 27. Retrograde fluid pathway producing chlorite (light 
grey) through olivine (01) + spinel (Sp) + amphibole
Width of field 4mm. Sample No. S 31.hornfels.
67
tectonic inclusions cannot be dismissed, but the very
2limited size (1 - 2  m ) and distribution of outcrop tend to 
point against this interpretation.
Another hornfels type crops out at GR 255883, in rocks 
from the contact between the Bogong Granite and the Coolac 
Serpentinite. In these rocks, the magnetite mesh texture 
developed in the serpentinite is preserved and is set in a 
groundmass comprised of quartz, plagioclase (An^g), and 
minor orthoclase.
A petrographic traverse from the serpentinite to the 
granite (a distance of 30mm), is reflected by increasing 
grain size and a decrease in the percentage of magnetite.
The sodium value (Table 5 Samples C-28a, b and c) in 
these rocks varies between 6.90-7.90 wt% over a distance of 
only 30mm, indicating that Na has been introduced into these 
rocks. The most probable source for this sodium is the 
Bogong Granite, as the Coolac Serpentinite is virtually 
devoid of sodium.
Trace element analyses of these rocks show them to be 
strongly dissimilar to the Coolac Serpentinite, with higher 
Zr, Rb, Sr and Ga values. These rocks are interpreted as 




The AlFeMg hornfelses of Patten's Ridge and Lameroo
show decreases in Si02, CaO, Na20 and K20, and moderate
increases in A1202, FeOT and MgO relative to unaltered
Honeysuckle Metabasic Igneous Complex elsewhere in the
ophiolite. This is seen in Figure 5, where the hornfelses
show a wide range of compositions diverging from the typical
basalt field. The processes which operated to produce this
diverse range of chemistries is discussed in Chapter 6 .
The alteration process produced rocks with a wide range
of Si02 (28.71-51.54 wt.% SiC>2) and CaO (0.50-13.5 wt. %)
which are reflected in the mineralogies of these rocks.
Those with low Si02 have higher modal spinel, whereas the
variable CaO is reflected in the modal percentage of
magnesio-hornblende, tremolite, plagioclase and diopside.
The range in CaO and Si02, and relative enrichment in MgO,
A1 o and FeO all indicate that these rocks have undergone 2 3 I*
alteration as they equate with no known igneous rock type. 
Their trace element data indicate that some of these rocks 
may have been derived from a mafic parent.
Due to the mobility of the major elements during an 
episode of alteration, immobile trace elements must be used 
to determine the origin of these hornfels. The immobility of 
HFSE (high field strength elements) Ti, Zr and Y under
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differing alteration conditions is well documented (Pearce 
and Cann, 1973; Pearce and Gale, 1977; Murphy and Hyne, 
1986) .
Trace element data are plotted on discriminant diagrams 
of Pearce and Cann (1973) and Pearce and Gale (1977) in 
order to delineate their origin(s). The Ti-Zr plot (Figure 
13) shows the AlFeMg hornfelses fall mainly in the fields of 
Ocean Floor Basalt (OFB) field (47 %) and Island Arc Basalt 
(IAB) field (68 %). This distribution indicates a possible 
marginal sea or back-arc basin origin for these rocks 
(Scheibner, 1973; Ashley, 1973a, Ashley et al 1979).
The Ti/Y-Zr/Y plot (Figure 14) shows the majority of 
the hornfels to fall in the Plate Margin Basalts field. 
Results for the calc-silicate hornfelses plot in the same 
fields, indicating a similiar parentage.
Chemical similarities to the non-thermally 
metamorphosed Honeysuckle Metabasalt (Ashley et al 1979) 
indicate that the AlFeMg hornfelses and a majority of the 
calc-silicate hornfelses of Patten's Ridge and Lameroo are 
thermally metamorphosed equivalents that have undergone 
differing degrees of hydrothermal alteration.
Trace element data from the aluminoferromagnesian 
hornfelses (Table 5) show variable Cr, Ni, Ti and V, making 
(¿0^0 27]ĵj_]̂ĝ't2Ton of their precursors difficult. Samples C—31 
and V-12 have higher Cr and Ni values which may indicate an 
ultramafic parent, but this is difficult to reconcile with 
their Ti values (.76 and 1.18 wt% respectively) which appear
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Figure 13. Ti-Zr discriminant diagram of the AlFeMg and 
calc-silicate hornfels from Patten’s Ridge and 
Lameroo. (triangle) data from Ashley (1974).
Figure 14. Ti/Y - Zr/Y discriminant diagram of Pearce and 
Cann (1973) modified by Pearce and Gale (1977). 
The plot shows the range of analyses from AlFeMg 
and calc-silicate hornfels. Symbols as in Fig 7.
70
too high for normal metaserpentinites (see Table 5). As Ti09 
is considered immobile under the conditions operative during 
alteration and metamorphism (Shervais, 1982; Pearce and 
Cann, 1971; Murphy and Hynes, 1986) and the relative 
immobility of Cr and Ni is questionable under similar 
processes (Finlow-Bates and Stumpfl, 1981; Crerar et al 
1985), these rocks may in fact represent metamorphosed 
equivalents of chloritic blackwall rocks of a type similar 
to that described by Frost (1975) and Irving and Ashley 
(197 6) . The development of these chloritic rocks is quite 
widespread throughout the Coolac Serpentinite in areas away 
from the aureole of the Bogong Granite (Ashley pers.comm.).
The thermal metamorphic event, as recorded in the 
metaserpentinites, is of an isochemical nature, and is 
therefore assumed to be isochemical for the AlFeMg 
hornfelses.
3:5:2. Origin of Cordierite-Gedrite Hornfels
The presence of the cordierite + gedrite assemblage has 
been reported extensively from both regional and contact 
metamorphic environments around the world. Regional 
metamorphic occurrences in Australia have been described by 
Prider (1940), Vallance (1969) and Ramsay and Davidson
(1974), whereas those from contact environments include 
occurrences at Yalwal (Vallance, 1967), and Patten's Ridge 
(Irving, 1967; Ashley, 1973a; Irving and Ashley, 1976).
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Other occurrences from around the world include Norway 
(Sorbye, 1964); USA (Robinson and Jaffe, 1969; Gable and 
Sims, 1969); Finland (Touminen and Mikola, 1950); Canada 
(Lai and Moorehouse, 1969; Hall, 1982) and India (Deb, 
1980). However, most of these occurrences do not have an 
associated sulphide body.
Reported occurrences of cordierite + gedrite 
(anthophyllite) rocks with associated sulphides from contact 
metamorphic environments include Irving and Ashley (1976), 
Bachinski (1976), James et al (1978), Hall (1982) and 
Chinner and Fox (1974) .
Various mechanisms have been proposed to account for 
the development of these unusual rocks. These include high 
temperature metasomatism (Dewey, 1967), residue after 
partial anatexis of crustal material (Grant, 1968; Lai and 
Moorehouse, 1969), allochemical metamorphic processes 
(Eskola, 1914; Floyd, 1965), enrichment of Fe and Mg 
produced by strong penetrative movement and subsequent 
metamorphism (Touminen and Mikola, 1950), and isochemical 
metamorphism of altered basaltic material (Vallance, 1967; 
Ashley, 1973a; Ramsay and Davidson, 1974; Irving and Ashley, 
1976).
The mechanism of Dewey (1967) is unacceptable for the 
rocks at Patten's Ridge as there is no evidence of high 
temperature metasomatism. The mechanism proposed by Grant 
(1968) and Lai and Moorehouse (1969) is also discarded as 
there is no field evidence for partial melting (see Chapter
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on prograde metamorphism). Field evidence also precludes the 
model of Eskola (1914), Floyd (1965) and Touminen and Mikola 
(1950). The most probable mechanism is one of isochemical 
metamorphism of altered mafic rocks (Vallance, 1967; Irving 
and Ashley, 1976). Vallance (1967) has shown that rocks 
consisting of the assemblage chlorite + quartz are produced 
by low temperature alteration of basaltic rocks by 
circulating fluids. Ashley (1973a) and Irving and Ashley 
(1976) have also shown that chlorite-rich rocks are produced 
during the evolution of rodingites elsewhere in the Coolac 
Serpentinite. As the ophiolite represents material from a 
back-arc or marginal sea setting (Ashley et al 1979; 
Basden, 1982; 1986) it would appear that the most likely 
fluid to produce this alteration would be circulating 
seawater.
This assumption is based upon the need for a relatively 
large reservoir of fluid close at hand, and upon recent 
experimental work on basalt/seawater interaction (Hajash, 
1975; Hajash and Archer, 1980; Seyfried and Dibble, 1980; 
Bischoff and Dickson, 1980; Hajash and Chandler 1981; Mottl, 
1983a ,b ; Mottl et al 1979; Moody et al 1983).
Mottl (1983a,b) has shown that during basalt/seawater
2 +interaction at elevated temperatures (> 150°C) Mg is
rapidly removed from seawater into secondary solids such as 
smectite, chlorite, tremolite-actinolite or talc at
water/rock ratios up to 50; ie: basalt undergoing alteration 
has the capacity to remove all the Mg from an amount of
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seawater up to 50 times its 
The experimentally 
leaching of Si, Ca, Na, 
water/rock ratio 







also shows extensive 
K, Zn and C02 as 
(Mottl, 1983b). The model 
following assemblages with
Assemblage
chi + ab + epid + act 
chi + ab + epid + act +qz 




Sr, Cu, Mn, 
and time increase
The model of preferential leaching indicates that MgO,
Al2C>3 and FeC>T would behave as "restite", leading to
relative enrichment in these elements. This, coupled with
2 +the uptake of Mg from the seawater into secondary phases 
such as chlorite and smectite lead to the evolution of a 
rock with the chemical characteristics of the AlFeMg 
hornfelses observed at Patten's Ridge.
This model predicts that the quartz content will 
increase despite an increasing proportion of Si being 
leached from the rock. This results from an increase in the 
chlorite content as more Mg is taken up from the fluid.
As chlorite has the lowest Si content of any of the








Figure 15. Model predicting the mineral assemblages and
proportions which are produced when basalt reacts 
with varying amounts of seawater within the 
greenschist facies. The model is based on data 
from experiments at 300°C and 500-600 bars.
from Mott1 (1983a)
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will release silica (Mottl, 1983a).
This model adequately explains the evolution of the 
chlorite + quartz assemblage, but cannot fully account for 
the highly silica-deficient nature of some hornfelses at 
Patten's Ridge. This may be because the experiments were 
conducted in a closed system, and not an open system such as 
would occur in an oceanic environment. In an open system the 
silica would also be removed in solution. This is found in 
geothermal systems in Iceland (Arnorsson, 1975), and in 
present oceanic hydrothermal systems (Shanks and Bischoff 
1977; Woodruff and Shanks, 1988).
3:5:3. Sulphide Petrogenesis.
The genesis of the sulphide-bearing hornfelses at the 
Goobarragandra mine have been interpreted differently due to 
their position in a narrow zone bounded by the Coolac 
Serpentinite and the Bogong Granite. Ashley (1973a, b) and 
Irving and Ashley (1976) proposed that the sulphides were 
the product of low temperature reaction zone metasomatism. 
Alternatively, Briegleb (1970) suggested that the sulphides 
were associated with hydrothermal fluids emanating from the 
Bogong Granite.
A comparison of the characteristics of various sulphide 
deposit types (Table 16) show the following features:
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Table 16. Characteristics of Various 
Sulphide Deposit Types.
Deposit Type. Characteristics.
(1) Kuroko - felsic volcanics dominant
- ore is Cu-Pb-Zn, with Ag, Au
- gangue is baryte+gypsum+qtz
(2) Besshi - calc-alkaline volcanism.
- ore is Cu-Fe-Zn, often Pb
- associated with thick 
greywacke sequences.
(3) Cyprus - associated with basic voles.
- ore is cupriferous pyrite, + 
po + sp. No Pb or Ag
- common in back-arc and 
spreading centres
(4) Goobarragandra
(a) mineralogically, the sulphides consist of 
pyrite + pyrrhotite + chalcopyrite with minor 
sphalerite,
(b) texturally, the sulphides indicate a pre 
metamorphic origin, with granoblastic
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pyrrhotite and annealling twinning in 
chalcopyrite,
(c) the presence of cordierite + gedrite rocks in 
the proximity, which may represent 
metamorphosed altered footwall rocks (eg:
Deb,1980; Hall,1982).
The mineralogy of the Goobarragandra deposit (dominated 
by Fe-sulphides) is similar to that reported from many other 
ophiolite-hosted sulphide deposits (Bett's Cove, Upadhyay 
and Strong, 1973: York Harbour, Duke and Hutchinson, 1974; 
Troodos, Constantinou and Govett, 1973; Oman, Smewing et al 
1977; Fleet and Robertson, 1980). The deposit at 
Goobarragandra is also similar to that at Whalesback, 
Newfoundland (Bachinski, 1976, 1977, 1978) which has 
undergone thermal metamorphism to hornblende hornfels facies 
obliterating any characteristic textures from the sulphides.
The Kuroko, Besshi and Cyprus deposits presented in
Table 16 are all volcanogenic exhalative in origin. The
extensive felsic volcanics associated with Kuroko type
deposits are absent from the Goobarragandra deposit. The
sulphides developed at the Goobarragandra are also devoid of 
galena, and have only minor sphalerite (~2 vol %) present.
Several characteristics of the Besshi type deposit can 
be seen in the Goobarragandra deposit. The original 
structural setting is impossible to determine due to
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dismemberment. The sulphide mineralogy more closely fits the 
Besshi type than the Kuroko type, with Cu-Fe sulphides 
dominating.
However, the absence of thick greywacke sequences, 
either proximal or distal to the deposit make it seem 
unlikely that the deposit is a Besshi type.
The presence of cupriferous pyrite with pyrrhotite and 
minor sphalerite and the interpretation of the enclosing 
hornfels as representing an initially basaltic rock formed 
in a back-arc or marginal sea setting (see Figures 13 and 14 
and associated discussion) lead one to the conclusion that 
the sulphide deposit at the Goobarragandra Mine is most 
likely a small Cyprus-type deposit (Ashley pers. comm.).
3:5:4. Origin of the Banded Calc-Silicate Rocks.
A comparison of the banded calc-silicate rocks with the 
massive types discussed previously and rodingites from 
outside the study area show the following similarities and
differences.
The Patten's Ridge banded calc-silicate rocks show 
variable MgO, which is reflected in the modal percentage of 
diopside. The recorded values (2.22-7.98 wt%) are generally 
lower than those from the massive diopside + amphibole rocks 
described previously (6.63- 9.97 wt%).
A comparison with unmetamorphosed rodingites (Samples 
R-l, BCK-RR, BCK-RC, Table 17) indicate similar major
TABLE 17. RODINGITES and ADJACENT SERPENTINITES from BOKBOWLEE CREEK ROAD.
R1 BCKBR BCXRC BCXSR BCKS
SiO 43.20 39.20 38.08 46.59 46.17
TiO^ .62 .12 .17 .05 .02
U 2°3 16.40 19.40 17.73 .89 .89Fe 0 2 3 4.80 2.88 5.50 11.13 7.70FeO 2.61 1.07 1.34 .33 1.27
MnO .24 .08 .10 .17 .23
MgO 13.85 7.20 10.93 41.12 43.19
CaO 17.86 28.42 25.61 .03 .37
Na20
K2°
- - - - -
- - - - -
P2°5 .20 .22 .21
Total 99.54 98.59 99.67 100.31 99.84
Cr 785 174 274 2040 1847
Ni 506 293 369 2964 2574
Cu 8 6 7 16 7
Zn 53 18 27 27 33
Ga 8 8 9 2 -
V 107 41 48 31 26
Rb 2 3 1
Sr 132 15 41 1 2
Zr 16 5 5
Nb 2
?b 9 6 8
Th 3
i 11 3 5 1
n o t detected
All samples analysed on an anhydrous basis.
■&CK. 'ft c \ ^  13c s
H c K - s r ^
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element values, but markedly different trace element values, 
particularly Ti, Zr and Y, indicating that the banded
calc-silicate rock is not a metarodingite.
The most distinctive feature of this calc-silicate rock 
is its penetrative layering, a feature lacking in the other 
calc-silicate hornfelses at Patten's Ridge and Lameroo. This 
penetrative layering is also absent in rodingites observed 
at Bombowlee Creek Road. However, it is present in the 
quartzites and adjacent amphibolite, indicating that
calc-silicate rock may be temporally associated with the 
regionally metamorphosed quartzites and metasediments found 
at Beaverbrook (GR 237900).
Mineralogical alteration of plagioclase and of
ferro-hornblende in the amphibolite to clinozoisite and
prehnite and ferroan pargasite respectively in the banded
calc-silicate rock are the most noticeable changes. The
relationship between the amphibolite and the banded
2 +calc-silicate rock is seen in the Mg/(Mg + Fe ) of the 
ferro-hornblendes and the ferroan pargasites (Table 7). Both 
fall within the range of 0.40-0.52, which is markedly 
different from all other hornfelses which are more Mg-rich 
(Figure 7).
The banded calc-silicate rock may represent the edges 
of the amphibolite body that has undergone reaction zone 
metasomatism of the type described by Golding and Ray
(1975) , Ashley (1973a) and Irving and Ashley (1976) .
Chemically, the banded calc-silicate rock shows higher
79
TiC>2 (> 1.5 wt%, Table 5) than the massive calc-silicate 
hornfelses found at Lameroo. Other major elements follow a 
similar trend associated with alteration; ie: increasing CaO 
and A1203 and decreasing MgO, FeOT and Si02 . Ti02 values of 
> 1.5 wt% are also found in the adjacent amphibolite body, 
suggesting that the two are chemically related.
The marked textural and chemical differences between 
the banded calc-silicate rock and amphibolite with the 
metamorphosed Honeysuckle Metabasalt lead to the conclusion 
that these rocks are unrelated to the Coolac ophiolite. The 
presence of amphibolites associated with Coolac Ophiolite as 
part of the ophiolite stratigraphy has not been reported, 
possibly indicating that these are exotic blocks emplaced 
during obduction.
A comparison with other high Ti02 amphibolites from the 
Tumut area (Table 18) shows that the banded calc-silicate 
rock has several features in common with them. Compared to 
the Bullywarra Schist, the banded calc-silicate rock shows 
much lower Ti02 and V *' whereas relative to the Brungle 
Creek Metabasalt, the banded calc-silicate rock shows higher 
Zn and Cu, and slighter lower TiC>2 and V values. The lack of 
analyses of the various amphibolite inclusions within the 
Coolac Serpentinite Belt and possible equivalents in the 
Tumut region make any correlation between them difficult.
Whereas the ultimate origin of the precursor 
amphibolite is unresolved, it is quite clear that it is 
chemically and texturally unrelated to the Coolac Ophiolite.
Table 18. Comparison of the Banded Amphibolite and Calc Silicate Rock with other Hiqh-Ti rocks from the Tumut area
C-3 QFG-1 C-20 C-2 BS-1 BS-2 NNA-1 BCM-1 BCM-2 BCM-3 BCM-4
SiO 47.39 47.83 46.19 38.51 43.62 46.22 47.44 47.60 48.00 47.87 47.55
Ti(L 2.60 1.66 1.40 1.81 3.83 3.94 2.37 2.84 1.61 2.88 2.92
“A 15.69 15.27 14.79 22.36 12.90 13.84 15.23 12.70 14.20 14.65 13.14
Fe2°3 4.65 7.08 5.79 1.14 8.23 5.25 13.23 3.31 2.20 5.61 1.39FeO 7.68 5.68 4.01 9.11 6.50 9.36 - 10.43 8.64 6.48 12.40
MnO .21 ' .25 .26 .15 .18 .14 .22 .20 .20 .16 .21
MgO 6.53 6.04 8.06 2.22 6.51 4.64 6.79 5.60 8.50 6.64 5.76
CaO 11.21 11.73 16.28 21.76 11.03 10.69 9.05 10.20 10.22 9.13 10.86
Na 0 2.11 1.66 .77 .80 2.71 2.96 4.30 3.70 2.90 3.49 3.52
.20 .17 .61 - .18 .18 .68 .79 .15 .61 .24
P2°5
cn .17 .30 .49 .48 1.08 .38 .28 .14 .33 .26
Total 98.76 97.54 98.74 98.35 96.17 98.30 99.69 97.65 96.76 97.85 98.25
Cr 85 109 200 119 173 250 80 96 500
Ni 64 79 348 279 136 175 47 56 177 100 60
Cu 451 79 341 762 144 175 37 78 77 86 139
Zn 107 41 182 48 98 175 140 <4 <4
Ga 21 18 20 31 22 20 16 21 21
V 278 144 167 168 533 750 294 420 310
Rb 2 7 18 3
Sr 333 231 415 1568
Zr 241 87 105 170
Nb 19 7 9 11
Pb 8 7 8 12
Th 6
Y 35 22 21 31
BS-1 Bullywarra Schist - 2.40 wt% H 0
9
BS-2 VI M - 1.03 wt% H^O
NNA-1 Nacka Nacka amphibolite :e 0 as Total Fe
9 9
All analyses
BCM-1 Brungle Creek Metabasalt - 2.25 wt% H 09 from Basden (1986)
BCM-2 it tv n - 1.80 vt% H‘0
BCM-3 ii it it - 1.93 vt% H' O7
BCM-4 n ii ii - 1.50 wt% O
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CHAPTER FOUR.
CONDITIONS OF PROGRADE METAMORPHISM.
The conditions operating during the prograde contact 
metamorphic event can be considered in terms of dehydration 
reactions in the following systems: Mg0-Fe0-Si02-H20 ,
Mg0-Al203-Fe0-Si02-H20 and Ca0-Mg0-Al203"Fe0-Si02-H20 . These 
three systems represent chemical components comprising the 
metaserpentinites, aluminoferromagnesian hornfels and calc- 
silicate hornfels respectively. Although minor components 
such as K20 are present, these exert little if any influence 
upon the reactions that occur, and so for all practical 
purposes can be ignored.
A weak zonation can be discerned in the Patten's Ridge 
section of the aureole, with the higher temperature phases 
such as olivine, cordierite and spinel occurring closer to 
the granite compared with phases such as amphibole, chlorite 
and talc. However, along the Lameroo section, the geometry 
of the granite-mafic/ultramafic contact has in part,
produced an aureole in which no zonation is observable.
4:1. Metaserpentinites.
The prograde metamorphic event recorded by the 
serpentinites may be considered essentially in terms of the 
system Mg0-Fe0-Si02-H20 , the contribution made by iron being
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minimal as it is consumed in the production of opaque 
mineralogy during the serpentinization event (Frost, 1985). 
The effect of iron in the silicate phases within the 
metaserpentinites is to lower the prograde reactions by 
temperatures in the order of only 10°C (Tromsdorff and 
Evans, 1972). The effect of retrograde metamorphism and the 
narrow width of the aureole make determination of the 
original metamorphic zonation, so often observed in aureoles 
(Tromsdorff and Evans, 1972; Evans and Tromsdorff, 1974; 
Springer, 1974; Frost, 1975) difficult to discern.
The presence of a prograde hydrous phase (amphibole,
chlorite, talc) in the metamorphic mineral assemblage
indicates that a fluid phase was always present during the
metamorphism of the serpentinite. Thompson (1955) has
suggested that pfluid approximates ptotal at igneous
contacts, and that pfluid can be equated to ptotal during
the contact metamorphic event. The absence of carbonate
rocks (magnesite and/or calcite) in the ultramafic rocks
indicate that the fluid was devoid of C02, as magnesite is
produced at Xcq2 values as low as 0.01 (Greenwood, 1967;
Johannes, 1969). As a consequence of this, and as
metamorphism of serpentinite involves a series of
dehydration reactions, the fluid attendant during
metamorphism may be assumed to be pure H20, hence Pfdaj_d —
p and P = P n. The pressure operative during theH20 H20 total ^
metamorphism of the Patten's Ridge hornfels was in the order 
of 0.5-1 kbar, as shown in Figure 3.
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The original mineralogy in the metaserpentinites 
consisted of lizardite and magnetite, with minor amounts of 
chrysotile, relict chromite, olivine and relict 
orthopyroxene.
The paucity of brucite in the rocks at Patten's Ridge 
means that the reaction;
Mg3Si205 (OH)4 + Mg(OH)2 = 2Mg2Si04 + 3H20 
serpentine brucite olivine
that should occur at 370°C (1 kbar) is replaced by the
dehydration reaction (Figure 16);
5Mg3Si205 (0H)4 = 6Mg2Si04 + Mg3Si401Q(OH)2 + 9H20 
serpentine olivine talc
which occurs at 441 + 6°C (Hemley et al 1977a). A thermal
dehydration temperature of 427 + 10°C has been obtained in
experiments using synthetic starting products by Chernovsky
(1974) and Hemley et al (1977a). The observed difference in
dehydration temperatures between synthetic and natural
lizardite is due to the presence of a small amount of
aluminium. Caruso and Chernovsky (1979) have shown that the
thermal stability of lizardite is enhanced by the presence
of aluminium. This mechanism occurs by the substitution of 
7 + 2+ 4 +2A1 = Mg + Si , which decreases the lateral dimension
















Figure 16. P-T diagram for the system Mg0-Si02-H20 , which 
approximates the metamorphism of 
metaserpentinites. Proposed pathway of the
metamorphism is marked.
from Hemley et.al. (1977a)
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tetrahedral sheet, reducing the mismatch and interlayer 
strain and hence increasing thermal stability. Microprobe 
analyses of antigorite (Sample S-9) from the Coolac 
Serpentinite show them to contain between 0.53-1.23 wt% 
^ 2 ^ 3  (Table 6). However, the lizardite analyses (Samples 
S-2 and S-20) record no Al^O^, thus it may be suggested that 
the temperature required for the decomposition of lizardite 
lies close to 427°C at 1 kbar (Hemley et al 1977a).
Rocks closest to the contact show coarse olivine grains 
(up to 4 mm) which are commonly poikiloblastic, with 
inclusions of magnetite and less commonly talc, antigorite 
and amphibole. The presence of magnetite attests to the 
metamorphic origin of the olivine, as it is produced during 
the original serpentinization event. Relict olivine, on the 
other hand does not contain the small magnetite inclusions. 
The talc is interpreted as being of a retrograde nature as 
replaces the olivine along fractures.
The absence of coexisting prograde orthopyroxene and 
anthophyllite indicate that the conditions of metamorphism 
did not attain those necessary for the reactions;
4Mg2S i0 4 + 9Mg3S i401Q(OH)2 = 9Mg7S ig 0 22 (OH)2 + 4H20 
olivine talc anthophyllite
and
Mg2Si04 + Mg3Si401Q(OH)2 = 5MgSi03 + H20 
olivine talc enstatite
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to take place. These reactions, which occur at 636 + 7°C 
(1 kbar) (talc-forsterite-anthophyllite) and 643 + 8°C at
1 kbar (talc-forsterite-enstatite) respectively are absent 
from the metaserpentinites, limiting the peak prograde 
temperature to less than 630°C at pressures of 1 kbar 
(Figure 16).
The presence of orthoamphibole in the relict 
orthopyroxene appears to be of a retrograde origin, having 
formed at the expense of the orthopyroxene after the 
introduction of localised fluids. The restriction of the 
amphibole and talc to cleavage planes and fractures attests 
to their retrograde status.
4:2. Aluminoferromagnesian Hornfelses.
The principal effect of the addition of A12C>2 and CaO 
to the Mg0-Fe0-Si02-H20 system is to stabilise phases such 
as chlorite, cordierite, spinel and a range of amphiboles.
The aluminoferromagnesian (AlFeMg) hornfelses are 
generally accepted to be the products of chlorite-rich 
precursors (Irving and Ashley, 1976). Chloritic rocks from 
outside the aureole have been analysed (Samples BCK-MB, 
BCK-CHL, GM-2: Table 19), but they show a range of 
chemistries requiring a greater degree of pre-metamorphic 
alteration before composition of the AlFeMg hornfelses can 
be approached.
Differences in chemistry may be explained by the
Table 19. Comparison of Altered Basalts and Chloritic Rocks 
from Study Area and York Harbour. Newfoundland,
GM-2 BCK-MB BCK-CHL AL-1 AL-2 CR-1 CR-2 CR-3
SiO 52.29 67.42 51.73 35.15 37.85 43.95 46.60 42.10
Ti02 .85 0
0 o .44 1.76 1.32 1.96 1.51 1.08
ÄljL2 3 Fe 0 2 3 FeO
16.80 11.91 15.68 15.62 11.88 14.98 14.58 15.77
4.74 5.32 19.38 3.97 9.76 2.87 4.17 3.37
3.94 3.48 4.34 9.39 12.51 8.95 5.19 7.76
MnO .17 .12 .20 .15 .25 .23 .24 .34
HgO 6.57 4.18 7.81 19.40 13.49 11.55 9.50 15.65
CaO 8.40 4.46 .39 2.02 1.14 5.05 8.01 1.68
Na 0 4.16 - - 1.91 .17 2.69 3.23 3.47
A




.11 .27 - .23 .25 .24 .18 .13
“ 9.86 8.03 7.48 5.46 8.72
Total 98.37 98.09 99.97 99.46 96.65 100.00 98.69 100.07
GM-2 Goobarra§Mnära metabasalt
BCK-MB Altered metabasalt Bombowlee Creek Road
BCK-CHL Chloritic rock from serpentinite-basalt contact, Bombowlee Ck. Road 
AL-1,2 Altered lava, York Harbour (from Duke and Hutchinson, 1974)
CR-1, 2, 3 Chloritic rocks from York Harbour (from Duke and Hutchinson, 1974)
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presence of the sulphide deposit. It is a commonly observed 
phenomenon at present-day spreading centres that the rocks 
around the hydrothermal discharge point are much more 
altered than the average oceanic basalt (Alabaster and 
Pearce, 1985) .
Noting this, the rocks around the hydrothermal
discharge area would consist predominantly of chlorite + 
quartz (Mottl, 1983a). The bulk chemical compositions of the 
amphibole + spinel + olivine (+ orthopyroxene) rocks, in
particular FeOT/(FeOT + MgO), indicate that any original 
chlorite should have been moderately iron-rich 
(pycnochlorite).
The reaction:
Fe-chlorite + quartz = cordierite + gedrite + f^O
occurs at 530 + 10°C at 0.50 kbar, 548 + 12°C at 1.0 kbar, 
and 562 + 8°C at 2 kbar (Akella and Winkler, 1966). This
reaction occurs at temperatures 60-160°C lower than the
equivalent Mg-chlorite reaction (Hellner et al 1965; 
Turnock, 1960) .
In their work on the stability of magnesian 
clinochlore, Fawcett and Yoder (1966) found that chlorite 
breaks down at 680°C to yield forsterite + spinel + 
cordierite. Chernovsky (1974) in experiments in the same
system, found the corresponding reaction took place at
651°C.
(3 .5M gO . 3 .5FeO)8 S i O 2 ( 3 M g 0 . 3 F e 0 )  A I 2 0 3  6 S I 0 2  ( 2 . 5 M g 0 . 2 . 5 F e 0 ) 2 A I 2 0 3 . 6 S i 0 2
(Mg,Fe)Si- Al Al FROM F LE M I NG  AND F A W C E T T (19 7 6)
Figure 17. Phase diagram showing the upper stability of the 
pair chlorite + quartz with Fe/(Fe + Mg) = 0.5.
The effect of substituting Al into the amphibole 
is negligible. The diagram is for P = 2.07 kbar.
from Fleming and Fawcett (197 6) .
Figure 18. P-T plot of the system FeO-MgO-Al^Cn-SiC^-^O
from 1 to 2000 bars calculated from the data case 






Assemblages on the left are stable on the; 
high temperature side (for.T-X.diagrams) 
high-pressure side (for P-Tvand P-X diagrams)
1) : Tc + 4 En = Ath .
3) : <_ t V ■ ' ! ■ Atg +• 20 Br = 34 Fo + 51 H20
: , 4) : 78 En + 2 Cln = 8 Ath + aCd + 15 Fo
5) : 23 Ath + 4 Cln = 39 Tc + 30 Fo + 2 aCd
6) ; 2 Ath + 6 Cln = 19 Fo + 3 aCd + 26 H20
7) : 8 Cln + 57 Tc = 4 aCd + 29 Ath + 60 H20
8) : Br + 2 Dsp = Sp + 2 H20
9) : Ath + Fo = 9 En + H20
10) : Ath = aQz + 7 En + H20
11) : 2 Br + Cln = Sp + 3 Fo + 6 H20
12) : Atg = 4 Tc + 18 Fo + 27 H20
13) ; 9 Tc + 4 Fo = 5 Ath + 4 H20
14) : 7 Tc *= 3 Ath + 4 aQz + 4 H20
15) ; 19 aQz + 16 Dsp + 2 Cln = 5 aCd + 16 H20
16) ; 5 Cln + 40 Dsp = 19 Sp + 3 aCd + 40 H20
17) : 10 En + 2 Sp *= 5 Fo + aCd
18) ; 2 Cln + 46 En «= 8 Tc + 15 Fo + aCd
19) : 20 Tc + 23 Sp *= 5 Cln + 9 aCd + 20 Fo
20) : 5 Cln «= 3 Sp + 10 Fo + aCd + 20 H20
21) : 10 Cln + 6 Tc «= 29 Fo + 5 aCd + 46 H20
22) : 6 Cln + 29 aQz = 8 Tc + 3 aCd + 16 H20
23) : 7 aCd + 15 Cln *= 29 Sp + 20 Tc + 40 H20
24) : Tc + Fo = 5 En + H20
25) : Tc *= aQz + 3 En + H20
26) : 5 Cln *= 2 Tc + 5 Sp + 7 Fo + 18 H20
27) : 2 Sp + 2 Tc *= 3 Fo + aCd + 2 H2 )
Table 20. Reactions for the system Al^O^-MgO-Fe0-Si0.i-H20 
from 1 to 2000 bars, determined using the 
thermodynamic data base of Berman et.al. (1985), 
Berman (1988) and Brown et.al. (1988).
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A minimum estimate of temperature in the aureole is 
550°C (1 kbar) with higher temperatures indicated by 
reactions involving chlorite of intermediate compositions.
In the rocks of Patten's Ridge and Lameroo, the 
assemblage forsterite + cordierite + spinel is never 
observed, indicating that the temperature of metamorphism 
did not reach 650°C.
The association cordierite + gedrite + magnetite + talc 
forms at a temperature in excess of 595°C from a parent of 
Mg-chlorite + quartz (Fleming and Fawcett, 1976). This 
temperature is for PT= 2 kilobars. Although these rocks are 
of limited areal extent within the aureole, they do give a 
reasonably good indication of metamorphic temperature 
(Figure 17). Figure 17 indicates that, at the conditions of 
the experiment (P= 2.07 kbar), the effect of substituting A1 
into the amphibole and varying the Fe/(Fe + Mg) ratio has no 
influence upon the temperature producing the assemblage 
cordierite + gedrite. In the experiments on the breakdown of 
chlorite + quartz, Fleming and Fawcett (1976) found that a 
wide range of stable assemblages at low temperatures break 
down to yield cordierite-bearing assemblages at temperatures 
above 590°C.
A plot of the system Mg0-FeC>T-Al203-Si02-H20 from 1 to 
2000 bars and a list of reactions are presented in Figure 18 
and Table 20. Figure 18 shows that for rocks of appropriate 
bulk composition, spinel can form at temperatures as low as 
230°c (at 1 kbar). This figure is plotted using the
Figure 19. P-T plot of the cordierite forming reaction
Chi + Qtz = Cord + Antho. The curve was determined 
using a mixing model of Mg in chlorite and 
coexisting amphibole from the cordierite-gedrite 
hornfels. The analyses are presented in Table 11.
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thermodynamic data base of Berman et al (1985), Berman 
(1988) and Brown et al (1988) .
Using the same data base, an ionic model with ideal 
mixing assuming total disorder and using activities for Mg 
in coexisting chlorite and amphibole determined from 
analyses (Table 11) gives a minimum temperature estimate of 
the reaction;
chlorite + quartz = cordierite + gedrite
of approximately 590°C at PT “ 1 kbar (Figure 19). This
temperature is similar to that obtained by Fleming and 
Fawcett (1976), and shows that the metamorphic temperatures 
recorded by these rocks is in the order of 600°C.
The cordierite + gedrite rocks, which occur only 
metres from the contact with the Bogong Granite, consist 
predominantly of chlorite, which may indicate that quartz 
was only a minor constituent of the original rock and was 
consumed during the production of the prograde metamorphic 
assemblage.
The addition of K20 to the system will lower the the 
breakdown temperature of chlorite + quartz. Siefert (1970) 
and Bird and Fawcett (1973) have shown that chlorite + 
quartz will react with muscovite to produce cordierite + 
phlogopite + H2<0 at 80°C below the K20-absent system. The 
limited presence of phlogopite in the cordierite-bearing 
rocks (K2° = 0-20 wt%) indicate that metamorphic
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temperatures unlikely to be greatly depressed by the 
presence of K^O.
Liou et al (1974) has shown that the presence of CaO 
can lower the upper stability limit of chlorite + quartz by 
at least 40°C. Again, the virtual absence of CaO (0.31 wt%) 
means that the temperature will not be depressed by any 
significant amount. An increase in oxygen fugacity above the 
nickel/nickel oxide (NNO) buffer would significantly 
decrease the chlorite + quartz breakdown temperature, whilst 
decreases in f 2 would produce much less significant changes 
in the upper stability limits.
The oxidation ratio of the cordierite + gedrite 
hornfels (Sample C-24, Table 14) indicates that f 2 remained 
constant during metamorphism, so the temperatures recorded 
by the rocks will not differ greatly from the experimental 
values obtained for the upper stability of chlorite + 
quartz.
The assemblage of spinel + olivine + orthopyroxene is 
produced by the breakdown of Fe-Mg chlorite (Springer, 1974; 
Frost, 1975) . The spinels in the assemblage olivine + 
orthopyroxene + spinel from the Pine Hill Complex, 
California, show a significant amount of iron (9.1-19.9 wt% 
FeO) indicating that spinel would be stable over a range of 
temperatures, possibly between the breakdown curves of Fe-Mg 
chlorite and Mg-chlorite (Figure 20). The spinels from the 
aluminoferromagnesian hornfelses from Patten's Ridge and 














T e m p e ra tu re  C
F = F o rs te r i t e ,  Fa -  F a ya l i te ,  E -  E n s ta t i te ,  A -  A n t h o p h y l l l t e ,  T -  Tale, S -  S e rp e n t in o  m in o rá is ,
B = B ru c i te ,  V = W a te r  v a p o u r ,  C -  C o rd ie r i ta ,  SP -  S p in e l ,  D -  D io p s id e ,  Tr -  T re m o l l te ,  C h l  -  C h lo r l te
Figure 20 . P-T diagram for the system MgO-FeO-Al^Cu-Si02~H„0 
showing the upper stabilities of Fe-, FeMg- and Fig 
chlorites. Proposed path of metamorphism is marked
from Springer (1974) .
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indicating that pleonaste may have formed over a wide range 
of temperatures.
The reaction;
Mg-chlorite = forsterite + enstatite + spinel + H20
is shown to be stable at 
Below 3 kbar, the reaction
Ptotal = 3 kbar (Frost, 1975).
Mg-chlorite = forsterite + spinel + cordierite + H20
is the stable assemblage (Figure 20) . The presence of 
cordierite + forsterite + spinel or forsterite + spinel + 
enstatite has not been observed in any hornfelses from the 
study area, indicating either that the bulk chemistry of the 
hornfels is inappropriate or that temperatures necessary for 
the formation of these assemblages were not obtained.
Frost (1975) used the most thermally stable chlorite 
from Paddy-Go-Easy Pass (Washington) to produce the 
reaction;
M94.8A12.4Si2.8°10(OH)8 = 0.8 Mg2Si04 + 2.0 MgSiOj +
1.2 MgAl204 + 4 H 20
t rockwftTch has an uppsr stability limit of 680 C with X —
0.85.
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Analyses of chlorite from the AlFeMg hornfelses show a 
wide range of Fe and Mg values. The range in bulk
chemistries and the extensive substitution of iron into the 
prograde phases, indicate that the temperatures in the 
experimental work described previously may represent maximum 
temperatures for the diagnostic reactions.
The common occurrence of magnesio-hornblende + 
pleonaste + magnetite (+ olivine) may be produced by the 
reaction (Springer,1974);
MgAl204 + Ca2Mg5Si8022(OH)
= Mg2Si04 + Ca2Mg4AlSi?022(OH)2
This assemblage is virtually absent in the
aluminoferromagnesian hornfelses, the occurrence of
tremolite being restricted to the metaserpentinites.
A possible reaction for the development of the commonly 
observed assemblage magnesio-hornblende + olivine + 
pleonaste is:
trem/act + MgFeAl chi = Oliv + Mg-hbl + Pleo + Mt
This has probably occurred, as tremolite/actinolite is 
a common phase in reaction zone rocks outside the thermal 
aureole (Ashley, pers. comm.).
The presence of magnesio-hornblende veins are quite
co
Figure 21. H^O-rich portion of the Ca0-Mg0-Si02-Al203 system 
T”XC02 section at p= 2 kbar- from Rice ( 1983) .
y
< _ j .
t ( i r’ ì <
L  w  ' • _ /  v_V
h-, - /—■! •' Cf ! _J
Figure 22. T-X diagram of the CaO-MgO-Al O -SiO? system 
at 1 Roar calculated from the thermodynamic 
data base of Berman et.al. (1985), Berman (1988) 
and Brown et.al. (1988).
REACTION LIST
Assemblages on the left are stable on the: 
high temperature side (for T-X diagrams) 
high pressure side (for P-T and P-X diagrams)
1) : 3 Di + 2 Sp + 4 H20 = Gr + Cln
2) : 9 Gr + Cln + 2 6  An + 8 H20 = 5 Di + 24 Zo
3) : Cln + 9 Gr + 12 C02 = 5 Di + 12 Cc + 10 An + 4 H20
. 4) : Gr + H20 + C02 = Cc + Prh
5) : 2 Wo + An = Gr + aQz
6) : Gr + 5 An + 2 H20 = aQz + 4 Zo
7) : Gr + 2 CO2 = aQz + 2 Cc + An
8) : 6 Tr + 15 Sp + 26 H20 = 7 An + 8 Cln + 5 Di
9) : 5 Sp + 11 Gr + 39 An + 22 H20 = Cln + 36 Zo
10) : Sp + 4 Gr + 6 C02 = 5 An + 6 Cc + Di
11) : 5 Sp + 11 Gr + 4 H20 + 18 C02 = 15 An + 18 Cc + Cln
12) : 9 Sp + 11 Di + 16 H20 + 6 C02 = 5 An + 6 Cc + 4 Cln
13) : 43 An + 2 Cln + 35 Di + 16 H20 = 30 Zo + 9 Tr
14) : 35 Di + 2 Cln + H20 + 15 C02 = 2 An + 15 Cc + 9 Tr
15) : Gr + C02 - Wo + Cc + An
16) : 27 Gr + 3 Cln + 26 C02 = 26 Cc + 15 Di + 20 Zo + 2 H20
17) : 2 Zo + C02 *= Cc + 3 An + H20
18) : 2 Zo + 3 aQz + 2 Gr + 4 H20 = 5 Prh
19) : 5 Di + 9 An + 4 H20 = 2 aQz + Tr + 6 Zo
20) : Tr + 10 An + 6 H20 «= Cln + 7 aQz + 6 Zo
21) : 5 Di + 3 C02 + H20 «= Tr + 2 aQz + 3 Cc
22) : Tr + An + 3 H20 + 3 C02 «= 3 Cc + Cln + 7 aQz
23) : Wo + C02 = Cc + aQz
24) : 3 Gr + E20 + 5 C02 *= 5 Cc + 3 aQz + 2 Zo
25) : Sp + 5 Wo + C02 = Gr + Di + Cc
26) : 5 Sp + 11 Gr + 9 H20 + 13 C02 = 13 Cc + Cln + 10 Zo
27) : 6 Cln + 105 Di + 43 C02 + 5 H20 *= 4 Zo + 27 Tr + 43 Cc
28) : 3 Prh + 2 C02 = 2 Zo + 3 aQz + 2 Cc + 2 H20
29) : 2 Zo + 3 Tr + 8 H20 + 10 C02 = 1C Cc + 3 Cln + 21 aQz
from i to 9 00 0 bars, determined using the 
thennodynamic daia base of Berman et.ai. ( 985
Berman (1988) and Brovn et.ai. (1988).
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widespread in the AlFeMg hornfelses, and are seen to 
cross-cut the general foliation in an anastomosing manner. 
These veins appear to follow fractures developed in the 
hornfelses as the hornblendes appear to have grown into a 
void. They are, on the whole, larger than the amphiboles in 
the surrounding groundmass.
These cross-cutting veins of magnesio-hornblende may 
represent pre-metamorphic fractures. The continuity in 
optical properties between the vein amphibole and the 
surrounding rock amphibole indicate that they were derived 
from the same event.
4:3. Calc-Silicate Hornfelses.
Within the calc-silicate hornfelses, the development of 
diagnostic assemblages is restricted to those rocks at 
Lameroo which contain the assemblage diopside + spinel ( + 
chlorite + clinozoisite + plagioclase). The assemblage is 
restricted to XC02 < °’04 (Rice' 1983). The dehydration
reactions (Figure 21);
Zoisite + chlorite = Anorthite + grossular + spinel
and
Grossular + chlorite = diopside + spinel
occur at temperatures greater than 590°C for PT= 2 kbar 
(Rice, 1983).
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At P- 1 kbar, the temperature for the above reactions 
have dropped by ~30°C (Figure 22, Table 21). This decrease 
in temperature, coupled with extensive substitution of Fe 
for Mg in the reactants and products indicate that the 
estimated temperatures are maximum temperatures, and that 
the actual peak metamorphic temperature for the reaction 
gross + chi = diop + sp may have been up to 560°C, 30°C 
lower than that temperature obtained for PT= 2kbar.
The metamorphic temperatures recorded by the calc 
silicate hornfelses agree with those obtained in the AlFeMg 
hornfelses, and place a minimum temperature of ~550°C for 
the thermal metamorphic event.
4:4. Sulphide Metamorphism.
The sulphides of the Goobarragandra Mine show variable 
effects from the imposition of thermal metamorphism. The 
most noticeable effects are the development of polygonal 
pyrrhotite in areas of massive sulphide and the development 
of intimate intergrowths of chalcopyrite and silicates 
(Plate 18). The development of annealling twinning (Plate 
17) in massive chalcopyrite is also evidence that the 
sulphides were present prior to the thermal metamorphic 
event.
The isochemical heating of the sulphides to 
temperatures in the vicinity of 600°C will have the 
following effects upon the sulphides. Those rocks rich in
Figure 23. Isothermal section of the Cu-Fe-S system at 




pyrrhotite will revert to hexagonal pyrrhotite, as this is 
the stable phase above 308°C (Craig and Scott, 1974). The 
pyrrhotite from the Goobarragandra mine is mixture of 
hexagonal and monoclinic pyrrhotite (determined by XRD) in a 
ratio of 1:4 (Ashley, 1973a). This indicates that a majority 
of the pyrrhotite that underwent metamorphism reverted to 
the low temperature monoclinic form, which has an upper 
stability of 254°C (Scott and Kissin, 1972) .
Those rocks rich in chalcopyrite will revert to 
intermediate solid solution (ISS) above 557°C (Cabri, 1973). 
Pyrite originally present in these rocks acts as a 
refractory phase. Peak metamorphic temperatures estimated 
from silicate equilibria are in the order of 550°-600°C, at 
1 kbar. If this is the case, then the development of ISS 
will be minimal.
The metamorphism has produced small scale local 
mobilization of the softer sulphides (chalcopyrite and 
pyrrhotite) similar to that reported from the Ambaji and 
Deri deposits in India by Deb (1979, 1980). This 
mobilization is represented by the development of 
chalcopyrite filling fractures in pyrite and pyrrhotite 
forming rims on chalcopyrite (Plates 16 and 14). Sphalerite 
alteration also appears to have occurred during 
metamorphism, as it now occurs as porous blocks within 
chalcopyrite.
An isothermal section (Figure 23) of the system Cu-Fe-S 
at 350°C show the three principal phases, chalcopyrite,
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pyrite and. pyrrhotite are joined by tie lines, indicating 
equilibrium between the three phases.
The development of marcasite in pyrrhotite may indicate 
a local increase in sulphur activity during metamorphism 
(Ashley, 1973a). The local development of magnetite after 
chalcopyrite may also reflect increasing f 2 during the 
later stages of metamorphism.
4:5. Fluid Composition During Metamorphism.
The composition of the fluid in attendance during 
prograde metamorphism may be determined indirectly by
observing the mineral assemblages developed during the 
prograde event. Within the silicates the fluid composition 
is restricted to XC02 < ^.04 in the rocks containing the
assemblage diopside + spinel (Rice, 1983).
Within the metaserpentinites, dehydration reactions 
totally dominate the fluid developed during metamorphism. 
The absence of magnesite (Xcq2 < 0.01) is further indication 
that fluid was predominantly H20.
The reducing nature of the metamorphic fluid is also 
seen in the oxidation ratios for the various hornfelses 
(Table 14). In comparison to rocks from outside the
aureole, the Fe2 + /(Fe2++Fe3 + ) of the metaserpentinites
indicate that the metamorphic event was one of reduction.
This is in keeping with observations made by Chinner (1960,
1962) and Wood and Walther (1986). Chinner (1962) found that
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hematite and magnetite developed in the regionally
metamorphosed rocks of Glen Clova had been reduced to 
2+ . .produce Fe -bearing silicates and hercynite spinel where 
these rocks entered the aureoles of the Lochnagar and Glen 
Doll intrusives. Similar observations have been made by 
Tilley (1924) in the aureole of the Comrie diorite, and by 
Best and Weiss (1964) in roof pendants of the Sierra Nevada 
batholith.
As distinct from the silicates, the fluid present 
during the metamorphism of the sulphides was somewhat 
different, with species such as H2S present as well as t^O. 
The increase in sulphide species in the metamorphic fluid is 
observed in the development of metamorphic pyrrhotite rims 
on chalcopyrite, and the development of marcasite along 
cleavage planes and fractures in pyrrhotite.
The development of chalcopyrite in cross cutting veins 
in the banded calc-silicate rock at Patten's Ridge (~200m 
from the Goobarragandra mine) may represent local derivation 




The retrograde metamorphism of the hornfelses developed 
in the aureole of the Bogong Granite manifests itself in 
both mineralogical and chemical changes. The most obvious 
changes include the development of cross-cutting chrysotile 
and lizardite veins in the metaserpentinites;, talc, 
chlorite and diaspore after orthopyroxene, amphibole and 
pleonaste respectively in the aluminoferromagnesian
hornfelses, and the development of clinozoisite and prehnite 
in veins in the calc-silicate hornfelses.
5.1. Metaserpentinite
The metaserpentinites show varying degrees of
retrogression, ranging from 30-100 percent. The most 
conspicuous retrograde effects are the development of 
serpentine phases (lizardite/chrysotile) from olivine and 
talc and/or amphibole after relict orthopyroxene.
The reaction producing lizardite is the same as that 
operating for the initial serpentinization process. The 
development of talc and forsterite after orthopyroxene 
require the addition of only H20 to promote the reaction. 
The development of anthophyllite requires the addition of 
H^O to promote its formation according to the reaction;
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Opx(Fe-bearing) + H20 = antho + magnetite
The prograde reactions talc to forsterite or talc to 
anthophyllite to enstatite reflect the increasing tendency 
for the phases to lose silica into solution as temperature 
increases (Hemley et al 1977b). The reverse reactions are 
believed to have occurred in the rocks at Patten's Ridge.
These resilicification reactions are portrayed by 
mineralogical change in the relict orthopyroxenes. The 
appropriate reactions are:
7 MgSi03 + Si02 + h 20 - Mg7si8°22 2
5 MgSi03 + h 2° = Mg3Si4O10(OH)2 + Mg2Si04
3 MgSi03 + si02 + H20 = Mg3Si4°10(0H)2
The development of talc in some orthopyroxenes and
forsterite + amphibole in others indicate local
redistribution of silica within the the phases of the
metaserpentinite.
The variability of retrograde alteration in the
metaserpentinites along Patten's Ridge indicate that.
(a) the supply of SiC>2 was limited
(b) the supply of H20 was limited, or
(c) the low permeability of the serpentinites 
prevented large scale fluid penetration.
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(d) T vs time, which promoted diffusion was not 
sufficient to drive the reaction backwards.
The first two reasons may explain the observed partial 
retrogression of the metaserpentinites, although elsewhere 
on Patten's Ridge the metaserpentinites are totally 
retrogressed to lizardite or talc. The permeability of these 
rocks appears to have been greater, allowing access to fluid 
and hence a greater degree of retrogression to take place.
The undersaturated nature of of the metserpentinites 
means that they will act as a silica sink (Peacock, 1987) to 
any fluid introduced into them. The partial silicification 
of the metaserpentinites indicates that the permeability in 
some sections was too low to allow total retrogression to 
occur, and hence the preservation of metastable anhydrous 
phases (ie: olivine and enstatite).
The development of massive talc rock along Patten's 
Ridge (GR 262873) could be produced by the reaction;
3 Mg2Si04 + 5 Si02 + 2 H20 = 2 Mg3Si401Q(OH)2
The presence of these massive talc rocks indicate that 
the retrograde metamorphism was not a simple isochemical 
cooling, but that Si02 has been added locally to produce the 
observed assemblages. This is illustrated when one compares 
the bulk chemistry of the talc rocks to the 
metaserpentinites comprised entirely of lizardite. There is
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a difference of approximately 20 wt% SiC>2 between the two.
The suggestion of Ashley (pers.comm) that the massive 
talc rocks may represent pre-metamorphic reaction zone rocks 
developed at the contact between a felsic inclusion and the 
Coolac Serpentinite is a little difficult to reconcile as 
the talc rocks crop out quite extensively and there is no 
field evidence of the presence of any felsic tectonic 
inclusion associated with the massive talc rock.
These talc rocks (Sample HFP-2) have Cr and Ni values 
indicative of an ultramafic source. It may be that the 
parent was orthopyroxene-rich, and that the deformation of 
these metaserpentinites allowed greater fluid access and 
hence the development of massive talc rocks.
5:2. Aluminoferromagnesian Hornfelses.
These hornfelses, having the most diverse parent 
chemistries also show the most diverse range of retrograde 
minerals. The most commonly encountered phase is chlorite, 
which can be derived from cordierite, spinel, orthopyroxene 
and amphibole. Other retrograde products include talc, 
diaspore, hercynite (Sample C—25b, Table 9),
magnesio—hornblende, magnetite and serpentine.
The presence of aggregates of pleonaste + diaspore + 
magnetite ( + hercynite) in the cordierite + gedrite hornfels 
surrounded by rims of fine grained chlorite reflect the 
breakdown of pleonaste according to the reaction.
1 0 0
(Mg,Fe)A1204 + Si02 + H20
= A10(OH) + Fe304 + Mg- chi
Similar textures have been observed from Toodyay, W.A. 
by Prider (1940), Lizard, by Green (1964) and Patten's Ridge 
by Irving (1967) and Irving and Ashley (1976). Diaspore is 
not stable above 380°C (Haas, 1972), indicating that the 
diaspore developed with the pleonaste is of a retrograde 
nature-.
In some areas within the cordierite + gedrite hornfels, 
diaspore is not developed as the major replacement phase 
after pleonaste, but instead a rim of hercynite is developed 
between the pleonaste and the chlorite according to;
(Mg,Fe)Al2C>4 + Si02 + H2<0 = FeAl2C>4 + Mg-Al chlorite
This hercynite is virtually stoichiometeric FeAl2C>4 , 
with only minor (0.66 wt%) MgO present.
The source of silica for this reaction may have been 
derived from the breakdown of cordierite. Cordierite breaks 
down according to the generalised reaction;
cordierite + H2<0 = Mg-Al chlorite + SiC>2 (aq)
The proximity of the cordierite + chlorite to the 
pleonaste and the massive nature of the cordierite + gedrite 
hornfels tend to favour the mechanism of cordierite
1 0 1
breakdown as the principal source of silica for the above 
pleonaste breakdown reactions.
Cordierite also has retrograde fracture fillings of 
chlorite, although chlorite more commonly occurs as
retrograde rims. The chlorite plots as a sheridanite with an 
Mg/(Mg+Fe) value of 0.90, the same as for the parent 
cordierite.
Orthopyroxene (Mg/Mg+Fe = 0.85) also breaks down
chlorite (Mg/Mg+Fe = 0.86) and minor talc.
The reaction rims of chlorite surrounding spinel are 
not restricted to the cordierite + gedrite hornfels, but 
occur as a very common feature around pleonaste grains 
throughout all aluminoferromagnesian hornfelses. These rims 
form where pleonaste is associated with olivine, and is 
always developed between the two, indicating metastability 
between the two as temperature decreased. Rare pleonaste 
enclosed within Mg-hornblende do not display these reaction 
rims. This may be because the spinel was isolated from the 
external retrograde environment.
The retrograde event also manifests itself within 
individual mineral chemistries. Within individual grains, 
especially amphiboles, core to rim chemical variation is 
observed. This variation is especially well developed in 
sample HF 21a, a diopside-spinel-magnetite-olivine 
-plagioclase-magnesio-hornblende hornfels from Lameroo. The 
ito 1 es in this rock show core to rim fluctuations in A.1 
and Ti, with the Ti content decreasing to the rims (Figure
1 0 2
24) . This reflects the retrograde event, as the Ti content 
of amphibole is suggested to decrease with decreasing 
temperature (Raase, 1974; Grapes et al 1977).
The fluctuation in elements from core to rim is not so 
well developed in other phases such as cordierite, olivine 
or orthopyroxene, which do not appear to re-equilibrate, but 
undergo retrograde alteration to chlorite with decreasing 
temperature.
Another major feature indicative of retrogression is 
the development of cross-cutting veins. These are usually 
composed of magnetite or chlorite (Plate 27). In rocks where 
a foliation is developed, these late-stage veins are 
developed perpendicular to the foliation.
Cross-cutting veins of magnetite are are extremely 
pronounced in hand specimen (Plate 28). The presence of 
these veins indicate that element mobility during retrograde 
metamorphism was not restricted to Si, but that Fe, A12C>3, 
Mg,Cu, S and Ti were mobile on a local scale of millimetres 
to centimetres. The rare development of sulphides in cross 
cutting veins in the banded calc-silicate rock at Patten's 
Ridge attests to the limited mobility of Cu, Fe and S during 
the retrograde event. Other evidence of iron mobility during 
retrogression comes from the cordierite + gedrite hornfels, 
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Figure 24. Plot of Ti versus Al for amphiboles from AlFeMg 
hornfels showing core to rim variations.
Plate 28. Magnetite (Mt) vein cross-cutting foliation 
defined by pleonaste and Mg-hornblende (AlFeMg hornfels, 
Patten's Ridge). Sample No. C-30. Width of field 4mm.
103
5:3. Calc-Silicate Hornfelses.
The calc-silicate hornfelses display a wide range of 
mineralogies due to their variable bulk chemistries, and 
their retrogression is as complex as the AlFeMg hornfelses, 
with clinozoisite, chlorite, actinolitic hornblende, and to 
a minor degree grossular, prehnite and vesuvianite being 
developed as retrograde phases.
The major area to have undergone retrogression is along 
Patten's Ridge, where banded calc-silicate rocks have 
developed cross-cutting veins of clinozoisite, prehnite, 
grossular and minor vesuvianite. The clinozoisite replaces 
plagioclase in these rocks, and to a lesser degree diopside 
and ferroan pargasite.
Chlorite occurs as a minor alteration product in these 
rocks, being restricted to the areas where amphibole has 
undergone retrogression.
Textural evidence indicates that the cross-cutting late 
stage veins have acted as the loci for H20-rich fluid 
introduction. These veins also contain rare sulphides. The 
degree of penetration of the fluid along the foliation 
decreases dramatically away from the vein, extending no more 
than 30mm in either direction. The degree of penetration of 
the fluid is reflected in the development of fine grained 
clinozoisite (< 0.05mm) adjacent to the veins.
These veins also show mineralogical zonation, with 
coarse clinozoisite occupying the centre of the vein and
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grossular being developed predominantly along the edges of 
the vein. Vesuvianite is commonly developed as small 
xenoblastic grains between the two. The presence of 
Mg-vesuvianite would limit the composition of the fluid to 
XC02 < 0-015 (Hochella et al 1982) at temperatures < 400°C.
The garnet in these rocks is developed both within the 
veins and along the layering. In this latter form it occurs 
as subidioblastic grains up to 1.5 mm with diopside and less 
altered ferroan pargasite.
In the calc-silicate hornfelses at Lameroo, diopside 
is replaced by actinolitic hornblende and chlorite.
The conditions of the retrograde metamorphic event, as 
indicated by the mineralogies present in the various rock 
types, were
(i) temperature < 400 C
(ii) XC02 < as evidenced by the absence of
magnesite in rocks of appropriate bulk chemistry, and




The region to the east and southeast of Tumut contains 
remnants of a marginal sea-back arc basin preserved as the 
Coolac ophiolite suite, an ultramafic-mafic association of 
Late Silurian age. This suite has been intruded by the Early 
Devonian Bogong Granite, around which a narrow thermal 
aureole has been developed.
The study area is the southernmost extension of this 
ophiolite suite, in the area extending from the 
Goobarragandra homestead to north of Beaverbrook homestead, 
a distance of approximately 8 kilometres. In the study 
area,the principal geological units are the Young 
Granodiorite, Goobarragandra Volcanics, Coolac Serpentinite 
and Honeysuckle Metabasic Igneous Complex (Coolac Ophiolite 
Suite), and Bogong Granite.
The sequence of events recorded in this area is:
(a) alteration of the mafic-ultramafic rocks
(b) obduction of the oceanic crust, producing the 
mylonites along the contact between the Young 
Granodiorite and the Coolac Serpentinite 
during the Late Silurian
(c) intrusion of the Lower Devonian Bogong 
Granite, thermally metamorphosing the Coolac
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Serpentinite and Honeysuckle Metabasalt to 
hornblende hornfels facies.
The study area has two distinct metamorphic events 
superimposed upon an ubiquitous greenschist facies 
metamorphism. These are a dynamic metamorphism, preserved as 
mylonite zones, and the thermal metamorphism, observed as 
the aureole around the Bogong Granite.
The dynamic metamorphism produced recrystallized and 
foliated granodiorite and foliated serpentinite, whereas the 
thermal event produced a range of hornfelses, which can be 
broadly grouped into three distinct types. These are
(1) metaserpentinites, which represent original 
ultramafic rocks,
(2) aluminoferromagnesian hornfelses, which 
represent altered basalts,and
(3) calc-silicate hornfelses, which represent 
altered mafic rocks and/or metamorphosed 
rodingites.
The hornfelses developed around the Bogong Granite 
contain a large number of prograde and retrograde phases, 
indicative of large-scale metastability.
The temperature of metamorphism, as recorded by the 
metaserpentinites, was in excess of 440°C (upper stability 
of lizardite) and less than 640°C (talc + forsterite =
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enstatite). The reaction chlorite + quartz = cordierite + 
gedrite gives a temperature of 590°C at 1 kbar (this study). 
This temperature is correlated in the calc silicate hornfels 
by the reaction gross + chi = diop + spinel, which occurs at 
5 6 0 ° C  and 1 kbar (this study). As the pressure operative 
during metamorphism was in the range 0.5-1.0 kbar (Figure 
3), and taking into account the effect of extensive 
substitution of iron into diagnostic phases, a peak 
temperature of 550-600°C seems feasible.
The hornfels distribution follows the classical thermal 
aureole pattern, showing higher temperature phases (olivine, 
cordierite, spinel) proximal to the intrusion and lower 
temperature hydrous phases (amphibole, chlorite, serpentine) 
distally, and although retrogression serves to obscure this 
pattern, a weak prograde zonation is still observable. This 
ill-defined zonation is similar to aureoles elsewhere 
(Evans, 1977; Bowman and Essene, 1982).
Irving and Ashley (1976) have estimated peak 
metamorphic temperature in the order of 690°C based on 
reactions which involve the formation of enstatite. Chemical 
evidence (Table 11) indicates these enstatites are relict.
The high metamorphic temperatures postulated by Irving 
and Ashley (1976) have led Basden (1986) to propose that the 
"high grade" thermal metamorphism shown in the rocks from 
Patten's Ridge and Lameroo was induced by an 
unexposed/unmapped diorite intrusion.
Apart from the observation that exposed diorite masses
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have not been recorded within the Bogong Granite in the 
study area (or anywhere else in the Tumut 1:100 000 Sheet 
area), such a model cannot account for several features 
observed at Patten's Ridge.
The first feature to be accounted for is the absence of 
high grade thermal effects in the surrounding Goobarragandra 
Volcanics. The Goobarragandra Volcanics exhibit greenschist 
facies metamorphism, and only within 20m of the Bogong 
Granite does the grade change to hornblende hornfels facies. 
Distally, the effects of the thermal metamorphism are 
indistinguishable from the low grade regional metamorphism.
The second feature which is difficult to account for 
using the diorite model is the narrow (10-30m wide) width of 
the aureole, and its positioning around the Bogong Granite. 
If the diorite intrusion were beneath the hornfelses, then 
the distribution would be expected to more widespread and 
not in a narrow zone approximately parallel to the Bogong 
Granite contact.
Thirdly, the grade of metamorphism attained by the 
hornfelses is hornblende hornfels facies. This grade appears 
in harmony with the diagnostic mineral assemblages and 
reactions described in Chapter 4 and more compatible with 
the temperatures attendant to the emplacement of a high 
level leucrocratic granite body.
Based upon the above reasons, the proposition of Basden 
(1986) that the metamorphism of the Coolac Serpentinite and 
the Honeysuckle Metabasic Igneous Complex was induced by an
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unmapped/unexposed diorite intrusion under Patten's Ridge 
appears inappropriate.
6:1. Metastability and Disequilibrium.
The large number of phases developed within the aureole 
indicate that relict, prograde and retrograde phases coexist 
in the hornfels of Lameroo and Patten's Ridge. Metastability 
is widespread, with the metaserpentinites having relict 
chromite, olivine and orthopyroxene coexisting with 
retrograde lizardite and talc. The preservation of these 
phases from initial upper mantle harzburgite may be due to 
the fact that fluid penetration and circulation, and hence 
serpentinization was incomplete prior to obduction. These 
phases still exist even though the serpentinization is 
geologically rapid at crustal conditions (Wegner and Ernst, 
1983) .
The metamorphic olivine developed within the 
metaserpentinite is unstable relative to either serpentine 
(antigorite or lizardite/chrysotile) or talc below 440°C. 
Most metaserpentinites show greater than 90 percent
retrogression, however some show only mild retrogression (< 
50%). This partial retrogression may be due to inadequate 
fluid penetration during the cooling period.
The relict orthopyroxenes in the metaserpentinites, 
characterised by their large size and exsolution lamellae, 
have undergone partial re-adjustment to talc and/or
1 1 0
amphibole. This re-adjustment appears to have ceased due to 
lack of reactant components and decreasing temperature.
Within the aluminoferromagnesian hornfelses, 
metastability and disequilibrium is widespread. This is 
because the these hornfelses show the greatest range of 
mineralogies and chemistries. The stability of a great 
number of phases developed during the metamorphism at low 
pressure means that retrograde reactions will be controlled 
by decreasing temperature and fluid access, with pressure 
playing virtually no part (Powell, 1978).
The cordierite-gedrite hornfels, which contain 10 
phases (excluding apatite and zircon) show a high degree of 
metastability. The orthopyroxenes are unstable with regard 
to talc and chlorite and show partial re-adjustment. 
Cordierite + gedrite is unstable with respect to chlorite + 
quartz below 590°C (at 1 kbar), with cordierite showing 
alteration to chlorite. The chlorite entirely replaces the 
cores of the porphyroblasts, leaving rinds of cordierite set 
in a very fine grained chlorite matrix.
Pleonaste has been partially altered to diaspore + 
magnetite during the retrograde event, but either decreasing 
temperature or lack of fluid prevented complete alteration. 
The reaction rims of hercynite in some of the pleonaste 
grains indicates that Mg diffused away from the spinel 
faster than Fe, which was consumed in the production of 
hercynite. The same principal of differing diffusion rates 
can be applied to the diaspore + chlorite + magnetite
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retrograde assemblage, with the chlorite forming rims around 
the diaspore + magnetite.
In the calc-silicate hornfels, the diagnostic 
assemblage diopside + spinel is unstable with respect to 
chlorite + grossular below 560°C (at 1 kbar). These rocks 
occur at Lameroo and show only weak retrogression to 
chlorite, indicating that little fluid was reintroduced 
during the retrograde metamorphism.
One of the most indicative features of disequilibrium 
is provided by the zonation found in the amphiboles. All 
other phases in the hornfelses show little if any chemical 
zonation from core to rim, indicating that the diffusivities 
of the various components were high relative to the growth 
rates at the temperature of growth (Tracy, 1982). The zoning 
shown by the amphiboles therefore reflect low diffusivities 
of Ti and to a lesser degree, aluminium. This feature has 
been recorded by Laird and Albee (1981) for amphiboles and 
pyroxenes in mafic schists in Vermont, and by many other 
workers for other minerals such as garnet, staurolite and 
tourmaline from both regional and contact environments (eg: 
Kwak, 1970; Loomis, 1972; Crawford 1977; Thompson et al 
1977) .
6:2. Orthopyroxene Origins.
One of the more contentious mineralogical problems in 
the hornfelses developed at Patten's Ridge and Lameroo is
1 1 2
that concerning the origin(s) of the orthopyroxene in the 
cordierite + gedrite hornfels. If these orthopyroxenes are 
of a prograde metamorphic origin, then peak temperatures are 
possibly in the order of 650-700°C. If, on the other hand, 
they represent xenocrysts, then the peak metamorphic 
temperature estimates deduced from the application of 
experimental equilibria to the assemblages found in the 
aureole of 550-600°C seem more realistic. The problem arises 
from the aluminium content of these orthopyroxenes. 
Microprobe analyses (Table 11) show them to contain 4.80 and 
5.56 wt% A120^.
These aluminium contents are more akin to mantle values 
than to those for orthopyroxenes produced in a low 
pressure-medium temperature contact metamorphic environment.
Analysed orthopyroxenes from the Pine Hill Complex, 
California (Springer, 1974) have aluminium contents in the 
order of 0.00-1.60 wt percent. Increasing the pressure at 
relatively low temperature (< 900°C) also produces no 
noticeable increase in aluminium content. Analyses of 
orthopyroxenes from Broken Hill (Phillips, 1980) range 
between 0.03-1.04 wt% (mean = 0.54 wt%, n=13). Conditions of 
metamorphism for these rocks was in the order of 800°C and 
approximately 6 kbar.
Experimental work on the A1 content of orthopyroxene by 
Anastasiou and Siefert (1972) has shown that at temperatures 
in the order of 1000°C, pressure exerts little influence 
upon Al solubility. Green (1964) and MacGregor (1974) have
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also shown that in the system Mg0-Al203-SiC>2, enstatites 
produced under conditions of spinel-and garnet peridotites 
have their aluminium contents controlled by pressure. The 
temperatures are generally in the order of 1100-1200°C and 
pressure in the order of 10-25 kbar.
Finally, the aluminium contents from the orthopyroxenes 
of Patten's Ridge (Irving and Ashley, 1976; present study) 
show strong similarities with those obtained by White (1966) 
from orthopyroxenes within ultramafic inclusions found in 
basaltic rocks from Hawaii, which show aluminium contents in 
the range 1.0-7.1 wt% (mean = 3.31 wt%, n = 53).
From all the evidence it appears that the 
orthopyroxenes from the AlFeMg hornfelses from Patten's 
Ridge possibly represent mantle-derived material. The 
problem is that these orthopyroxenes occur as small 
xenoblastic (1 mm) grains distributed throughout a rock 
(Sample C-24, Table 5) which has chemical affinities with 
hydrothermally altered metabasalts.
Whatever their origin, the aluminium content of these 
orthopyroxenes remains enigmatic, and requires more research 
before a suitable answer will found to adequately explain 
the existence of the orthopyroxene in these rocks.
6:3 Mechanisms of Hydrothermal Alteration.
The diverse range of whole rock chemistries from within 
the aluminoferromagnesian hornfelses at Patten's Ridge
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indicate that some type of alteration took place prior to 
metamorphism. Whilst dismemberment of the ophiolite makes 
determination of relative stratigraphic positions in the 
study area impossible to determine, the presence of a small 
sulphide body in the proximity of the cordierite + gedrite 
hornfels (interpreted as representing isothermally 
metamorphosed footwall rocks) indicates that the surrounding 
AlFeMg hornfelses may represent variably altered basalts 
that initially enclosed the deposit.
The sulphide deposit is interpreted as having formed 
from leaching of the basaltic pile by circulating seawater 
and subsequent deposition at the seawater-basalt interface. 
The rocks around the deposit exhibit differing degrees of 
alteration, with the footwall rocks (cord + gedrite 
hornfels) representing the most highly altered rocks whereas 
those retaining some CaO represent rocks having undergone 
less alteration. These occur further away from the footwall 
rocks and sulphide deposit.
A general model for the development of volcanogenic 
exhalative sulphide deposits and alteration of associated 
basalts is shown in Figure 25. The areas of highest fluid 
flow are associated with the footwall of the sulphide 
deposit, the amount of fluid/rock interaction decreases away 
from the this highly fractured area, leaving the surrounding 
rocks less chemically altered (Spooner and Fyfe, 197 3; 
Humphris and Thompson, 1978; Spooner 1979).
The rocks enclosing the sulphides at Goobarragandra
Figure 25. Hypothetical section through a geothermal cell 
responsible for the formation of Cyprus-type 
deposits.
From Franklin et.al. (1981)
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show traits similar to those reported by Bachinski (1976, 
1977) and Hall (1982). These features include Si09, Ti09, 
MgO, Al^O^ and MnO showing no significant difference between 
the sulphide-bearing rocks and those developed away from the 
sulphides. The only major difference is in CaO.
This may be explained using the model of Mottl 
(1983a,b). Sulphides are commonly associated with areas of 
higher fluid flow and intensely hydrothermally altered 
ophiolitic basalts (Spooner and Fyfe, 1973). Water/rock 
ratios in the area of discharge will be higher due to the 
increased fluid flow and rock permeability, and the 
assemblage chlorite + quartz will develop. Subsequent 
thermal metamorphism of these rocks has produced the 
observed cordierite + gedrite hornfels which now crop out 
20m to the west of the Goobarragandra Cu mine.
The AlFeMg hornfelses surrounding the sulphide-bearing 
hornfels all show higher CaO compared to the 
sulphide-bearing and cordierite + gedrite hornfels. Analyses 
of wall rocks from York Harbour, Newfoundland (Duke and 
Hutchinson, 1974) show appreciable amounts of CaO (5-8 wt%) 
in chloritic rocks, the values only decreasing in the highly 
altered rocks (Table 19). Similar observations were made by 
Hall (1982) who found that CaO decreased inwards to the 
cordierite + anthophyllite footwall rocks underneath the 
Amulet A cupriferous sulphide deposit, Quebec.
The similarities with altered and metamorphosed basalts 
from various cupriferous sulphide deposits around the world
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(Spooner and Fyfe, 1973; Franklin et al 1981; Gass and 
Smewing, 1973; Bachinski, 1976, 1977; MacGeehan and MacLean, 
1980) tend to point towards the aluminoferromagnesian 
hornfelses of Patten's Ridge representing isochemically 
metamorphosed basalts that have undergone an episode of 
subseafloor alteration. As a consequence of this, the 
sulphide-bearing hornfelses may represent a small 
volcanogenic exhalative deposit.
The sulphide-bearing hornfelses at the Goobarragandra 
mine is thus interpreted as representing a small Cyprus-type 
sulphide deposit. Evidence for this includes the primary 
mineralogy of pyrite + pyrrhotite + chalcopyrite, with 
subordinate sphalerite and no galena. This mineralogy is 
equivalent to that found in both modern day spreading 
centres (Sawkins, 1972; Hutchinson, 1973; Duke and 
Hutchinson, 1974; Bonatti, 1975; Hekinian et al 1980, 
Hekinian and Fouquet, 1985; Woodruff and Shanks, 1988) and 
in ophiolites (Upadhyay and Smitheringale, 1972; Upadhyay 
and Strong, 1973; Bachinski, 1976, 1977, 1978; Franklin and 
Ashley, 1980; Franklin et al 1981; Spadea et al 1987).
The close spatial association with the ultramafics and 
mafic volcanics, and the trace element chemistry and 
mineralogy of the hornfelses indicate that the ore is 
enclosed in an originally basaltic rock. Subsequent 
dismemberment of the ophiolite has juxtaposed the sulphide 
deposit next to serpentinite.
The increase in Mg/(Mg+FeT) in the sulphide-bearing
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hornfelses is an extremely common phenomenon, being reported 
from various metamorphosed sulphide deposits around the 
world ( George, 1969; Mallio and Gheith, 1972; Craig and 
Gilbert, 1974; Kase, 1978; Hutcheon, 1979), and is related 
to the sulphidization of amphiboles, and to a lesser extent, 
chlorites (Popp et al 1977; Walshe, 1986; Bryndzia and 
Scott, 1987). The reaction that occurs for the daphnite 
component of chlorite (Bryndzia and Scott,1987) is:
FeA12/5S l 3/5°2(0H)8/5 + S2 =
FeS2 + l/ 5 A l2S i305 + 4/5H20 + 2/5SiC>2+ 1/2C>2
which leaves the chlorite enriched in Mg. Experimental work 
on seawater-basalt (peridotite) interaction has shown that 
the seawater becomes increasingly reduced with time due to 
the reduction of seawater sulphate (Hajash, 1975; Janecky 
and Seyfried, 1986) and is more able to accommodate Fe, Cu, 
Zn and Mn in solution. The fluid becomes dominated by i^S 
and upon interaction with ambient seawater at the point of 
discharge, will precipitate the metals as sulphides 
(Corliss, 1971; Ridge, 1973).
The argument of Ashley (1973a,b) and Irving and Ashley
(1976) that these hornfelses formed by low temperature 
reaction zone metasomatism and subsequent isothermal 
metamorphism cannot be totally disregarded as metamorphism 
has obliterated any textural evidence, but the lack of
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calc-silicate rocks similar to those observed elsewhere in 
the Coolac Ophiolite (Ashley, 1973; Irving and Ashley, 1976) 
rocks around the sulphides indicate that a different process 
has operated in the rocks around the Goobarragandra mine to 
those that produce reaction zone rocks elsewhere in the 
Coolac Serpentinite.
Minor chemical adjustment of the AlFeMg hornfelses may 
have occurred following dismemberment and emplacement prior 
to thermal metamorphism. This minor re-adjustment may be an 
alternate explaination why some of the AlFeMg hornfelses 
have moderate CaO (~4—7 wt% CaO) .
A possible reason why there is little or no low 
temperature reaction zone metasomatism developed in these 
rocks is that they were already altered prior to
emplacement. They are not too chemically dissimilar to the 
serpentinites (ie: both with low SiC>2 and high MgO and FeC>T) 
against which they were juxtaposed.
6:4. Pre-Metamorphic Alteration.
Prior to the contact metamorphic event associated with 
intrusion of the Bogong Granite, serpentinization and 
mafic rock alteration had occurred. These two processes, 
which occurred simultaneously prior to obduction, led to a 




Alteration of the ultramafic rocks has led to the 
evolution of two end products; a serpentinite with a 
chemistry composed essentially of MgO and SiO~, with minorZ
FeO^ and a calc-silicate rock (rodingite). The serpentinite 
effectively represents a simple hydration of harzburgite, 
with no noticeable increase or decrease in Mg, Si, Ti, Ni, 
Cr, or Mn. The only increases are in H20 and Fe3+. A 
comparison of harzburgite analyses from various ophiolites 
worldwide indicates very little difference between fresh and 
serpentinized rocks. This has also been reported from the 
Coolac ultramafic rocks by Ashley (1973a). The development 
of rodingites, (not observed in the study area) on the other 
hand, represents extreme depletion in these elements (except 
Si), and increases in Ti, Ca and A1. In the field, these 
rock types are found in close proximity.
6:4:2. Rodingites
The development of these rocks is an ubiquitous 
by-product of the serpentinization process. They are 
frequently found intimately associated with serpentinites 
from present-day ocean floor settings (eg: Aumento and 
Loubat, 1971), and in ophiolites and ultramafic rocks
throughout the world (Ashley, 1973a; Anhausser, 1979; Evans 
et.al.1979) .
In recent experimental work on the hydrothermal 
alteration of ultramafic rocks by seawater, Janecky and
1 2 0
Seyfried (1986) found that orthopyroxene, olivine and
_iclinopyroxene are altered at a rate of 5:1.5:1 (mole sec
-2cm ). The diopside dissolution reaction at 300°C is; 
CaMgSi206 + 2 Mg2+ + 3 H2<0
= Mg3Si205 (OH)4 + Ca2+ + 2 H+
This reaction keeps the amount of Ca in solution high, and 
coupled with the reaction;
1.5 CaMgSi206 + 1.5 Mg2+ + 2 H2<0
= Mg3Si205 (OH)4 +1.5 Ca2+ + Si02
allows a great deal of Ca, and to a lesser degree, Si02, to 
be removed from these rocks. These elements may be removed 
in circulating solutions for varying distances and then 
redeposited as veins in response to differing physical
conditions.
Along the Bombowlee Creek road to the north of the 
study area, rodingitic bodies occur in fractures and veins 
within the foliated serpentinite (GR 231967). These bodies 
are approximately 10-30m apart, and can attain sizes up to 
5m long x 0.5m wide, but are generally in the order of 10cm 
wide and 2m long. These bodies are massive in nature, and do 
not contain the penetrative layering found in the
1 2 1
calc-silicate rocks of Patten's Ridge and Lameroo.
The fluid active during rodingitization is equivalent 
to that present during serpentinization, as the two
processes are concurrent. The presence of a CaO-OH type 
fluid, which is essentially incompatible with C02, is in 
harmony with the view that rodingite minerals are suggestive 
of C02-deficient solutions (Barriga and Fyfe, 1983; Muraoka, 
1985) .
Barnes and O'Neil (1969) and Barnes et al (1972) have 
shown that the fluid associated with serpentinization is 
characterised by high pH and low Mg concentrations. Barnes 
and O'Neil (1969) have analysed fluids emanating from the 
Burro Mountain serpentinite, which have pH of 10-11, and the 
principal dissolved species as Ca(OH)2.
Whole rock chemistry from the rodingites along
Bombowlee Creek road show varying degrees of enrichment in
CaO, Alo0_,, Ti0o, Po0r- and V relative to the enclosing 
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serpentinites (Table 17). These variable trace element 
traits indicate that the rodingites may have developed by 
replacement of other rock types such as gabbro, dolerite, 
diorite or basalt which was emplaced within the serpentinite 
during dismemberment of the ophiolite Ashley, 1973a; 
Coleman, 1977) .
Petrographically, the rodingites developed at Bombowlee 
Creek consist of garnet and prehnite, with lesser amounts of 
clinozoisite and chlorite.
6:4:3. Serpentinization Mechanisms.
The process of serpentinization and the mechanisms by 
which this occurs have been the topic of much research 
(Johannes, 1968; Whittaker and Wicks, 1970; Ashley, 1973a, 
1975; Moody, 1976a,b; Caruso and Chernovsky, 1979; Dungan, 
1979; Filippidis, 1982). This research has covered 
serpentinization in the presence of sulphur, the stability 
of the phases evolved, and the physical conditions operating 
during the serpentinization process, eg: pH, XCQ2, oxygen 
and sulphur fugacities.
The serpentinization process can be explained in terms 
of the system Mg0-Si02-H20 . This assumption is considered 
valid as most of the iron in the system is consumed in the 
production of the opaque mineralogy (Frost, 1985), with 
lesser amounts entering the silicate phases (see Table 6). 
The effect of iron in the silicate phases on metamorphic 
temperatures is minimal, lowering them by approximately 10°C 
in ultramafic rocks (Tromsdorff and Evans, 1972).
The extremely low f^2 and relatively high f^2 conditions 
produced during the serpentinization process lead to the 
stabilization of native metals and Fe-Ni alloys, awaruite, 
taenite, ansd kamacite ( Nickel, 1959; Krishna Rao, 1964; 
Chamberlain et al 1965; Chamberlain, 1966; Ashley, 1975; 
Eckstrand, 1976; Ahmed and Bevan, 1981). The partially 
serpentinized rocks of Patten's Ridge contain awaruite,
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which has also been reported elsewhere in the Coolac 
Ophiolite (Ashley, 1973a).
The reactions that produce the serpentine phases are 
rapid, owing to the high reactivity of olivine and 
orthopyroxene in upper crustal environments. For
harzburgitic rocks the principal degradation reactions are 
(from Ashley, 1973a);
01 (FOgg) + Opx (En^g) + H20 + °2 = chrysotile + lizardite +
magnetite
01 (Fo-gg) + Opx (En^g) + H20 = chrysotile + Fe3 °4 + + H2
01 (Fo90) + Opx (En^g) + H20 = chrysotile + Fe3C>4 + metallic
phase + brucite
The metallic phase may be awaruite (NigFe), native nickel or 
native iron.
The above reactions are somewhat simplified, as iron 
substitutes into all the phases produced during the 
serpentinization process.
The hydration of an initially anhydrous rock leads to a 
decrease in density and a concommitant increase in the rock 
mass unless material is removed in solution (Moody, 1976b). 
The fact that most alpine-type serpentinites such as the 
Coolac Serpentinite occur along major structural
discontinuities allow the volume expansion to be
accommodated by a diapiric effect (Hostetler et al 1966).
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This volume increase and associated diapirism may in fact 
assist emplacement of the serpentinite along zones of 
structural weakness (Mumpton and Thompson, 1975) such as the 
Mooney Mooney Fault.
The origin of the serpentinizing fluid is 
problematical. It may be derived from circulating seawater 
(Rona et al 1987) it may be of meteoric or metamorphic 
origin, or it may be a combination of all of these sources.
As serpentinization proceeds, the fluid undergoes a 
decrease in fQ2, until all the iron in the anhydrous phases 
is consumed. There then follows a marked increase in the fQ2 
in the fluid (Frost, 1985, Figure 26). The Coolac 
Serpentinite at Patten's Ridge has not been totally 
serpentinized, as is witnessed by the presence of relict 
enstatite and olivine and the development of disseminated 
awaruite, so the oxygen fugacity of the serpentinizing fluid 
has not shown the marked increase predicted in Figure 26.
It has been shown experimentally that seawater reacts 
with olivine to form serpentine at lower temperatures and 
over longer times (Moody, 1976a) than those observed at 
present-day spreading centres, where magmatism and thermal 
gradients are attenuated (Williams et al 1974).
The serpentinization reaction is accompanied by a 40 
percent volume increase and exothermic heat production, the 
reaction being:
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Figure 26. Isobaric log f 2 -T projection showing the
trajectory followed by fluids in metaperidotite 
metamorphism at P= 2 kbar. from Frost (1985).
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The heat of hydration evolved from the serpentinization 
3of a 1 km peridotite body at an initial T=100°C with
sufficient water for complete serpentinization (~ 13 wt%) is
17m  the order of 2 x 10 cal, which would raise the
temperature of the entire body to over 200°C (Fyfe and 
Lonsdale, 1981; Macdonald and Fyfe, 1985). This factor, 
coupled with attenuated geothermal gradients associated with 
spreading centres (Williams et al 1974; Pearce et al 1981; 
Ballard and Francheteau, 1983) may account for the
ubiquitous greenschist facies metamorphism imprinted upon 
the ophiolite.
The evolution of the pre-metamorphic mineralogy of 
lizardite and/or chrysotile + magnetite produced from the 
above mechanisms is identical to that reported from 
serpentinized harzburgites in the Coolac Ophiolite by Ashley 
(1973a). The subsequent isochemical thermal metamorphism 
served only to dehydrate these rocks to produce to the 
assemblage olivine + magnetite + antigorite + relict 
olivine, chromite and orthopyroxene.
6:5. Zinc-bearing Spinels.
The presence of zinc-bearing spinels in the hornfelses 
associated with sulphide veining is an unusual chemical 
feature of the aluminoferromagnesian rocks of Patten's 
Ridge. The occurrence of zinc-bearing spinels with 
metamorphosed base metal deposits is quite common. However,
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most, if not all recorded occurrences are from regionally 
metamorphosed massive sulphide deposits. These include 
Namaqualand (Joubert, 1974; Stumpfl et al 1976), Ontario 
(Essene et al 1982; Spry, 1982), Colorado (Salotti, 1965; 
Singh et al 1975; Raymond et al 1980; Sheridan and 
Raymond, 1984), and Labrador (Speer, 1982).
Several mechanisms have been proposed for the formation 
of zincian spinel, including adsorption of zinc oxide onto 
kaolinite (Segnit, 1961), zinc-bearing organic matter in 
metalliferous shales (Vine and Tourtelot, 1970; Coveney and 
Martin, 1983), and desulphidation of sphalerite (Spry and 
Scott, 1986 a,b). It seems likely that the latter concept is 
most applicable to the occurrence at Patten's Ridge, as 
there is minor sphalerite present in the sulphide deposit.
The most likely reaction to account for the formation 
of the Zn-bearing spinel and the associated pyrrhotite veins 
is :
(Mg,Fe)Al204 + (Zn,Fe)S
= (Mg,Fe,Zn)Al204 + FeS
The hercynite and spinel components of the pleonaste 
may also be affected by reactions between the spinel and 
coexisting ferromagnesian silicates (Wall and England, 
1979). Since the Mg-component of the pleonaste is not 
directly involved in the sulphidation-desulphidation 
reactions, the pleonaste will remain Mg-rich.
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The small percentage of zinc in the spinels means that 
they are of little or no use as exploration tools. This is 
possibly because the amount of sphalerite in the deposit, 
and the deposit itself is too small to produce zincian 
spinels at any great distance away from the deposit. The 
relatively short thermal metamorphic episode, the limited 
circulation of fluid away from the granite and absence of 
appropriate bulk chemistries and conditions probably also 
prevented widespread development of zinc-bearing spinels.
The thermal metamorphism of the Coolac Serpentinite and 
Honeysuckle Metabasalts by the Bogong Granite is interpreted 
as having taken place under conditions of PT = 0.5-1.5 kbar 
and temperatures in the order of 550-600°C. This 
interpretation is based upon the formation of the critical 
assemblages diopside + spinel and cordierite + gedrite.
The small sulphide deposit at Goobarragandra mine is 
interpreted as representing a Cyprus-type deposit enclosed 
in hydrothermally altered basalts which have been 
isochemically metamorphosed.
The banded calc-silicate rock at Patten’s Ridge is 
interpreted as representing banded amphibolite that has 
undergone low temperature reaction zone metasomatism. 
Evidence for this includes the proximity to the amphibolite 
and the similarity in Mg/(Mg + Fe) ratios between the ferro 
hornblendes in the amphibolite and the ferroan pargasites in 
the calc-silicate rock (both in the range 0.40-0.52).
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The banded amphibolite and its calc-silicate derivative 
are unrelated chemically or texturally to the Coolac 
Ophiolite, and appear to have been emplaced during the 
obduction and dismemberment of the Coolac Ophiolite.
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Appendix 1. Analysed Sample Locations.
Serpentinites.
Sample. Assemblage. Location (GR)
S-17
S-24
liz + mt + 
liz + mt
talc 262871
261874S-9 01 + trem + mt + antig + talc 2618742.3 liz + mt + talc 262873S-21 liz + mt + talc 262872
S-19 liz + mt + talc 261872
GPW-3 liz + mt + talc + chi 264879
S-20 01 + mt + liz + talc + Mg-hbl 262871
UG-3 Opx + mt + talc + Mg-hbl 264869
S-6 01 + mt + liz + talc + Mg-hbl 262872
S-3 01 + mt + talc + Mg-hbl 261876
S-2
C-13b
01 + mt + 
talc + mt
liz + talc 261875
264869
Aluminoferromagnesian Hornfels.
Sample Assemblage. Location (GR)
S-31 01 + sp + mt + chi + Mg-hbl 262875
C-38 263868



















C-13 Trem + mt 261877
C-20 diop+parg+cliz+chl+gn+sph+plag 263872
C-2 cliz + sph + parg 263869
Other Hornfelses and Analysed Samples.
Sample. Assemblage. Location (GR)
C-15, 6.1 Kfs + preh + chi + qtz 262874
C-l plag + hbl + qtz + sph + ilm 264868
GPW-6, 7 oxide gossan 264869
LGO-3 chi + sulph 264869
LGO-6 gross + chi + sulph 264869
